Analysis of charring ablation with description of associated computing program by Matting, F. W.
N A S A  T E C H N I C A L  NOTE 
ANALYSIS OF CHARRING ABLATION 
WITH DESCRIPTION OF ASSOCIATED 
COMPUTING PROGRAM 
https://ntrs.nasa.gov/search.jsp?R=19710001652 2020-03-23T17:01:58+00:00Z
TECH LIBRARY KAFB, NM 
I NASA mT D-6085 
1-4. Title and Subtitle 
1. Report No. I 2. Government Accession No. 
ANALYSIS OF CHARRING ABXT'ION-WITH- 
DESCRIPTION OF ASSOCIATED  COMPUTING  PROGRAM 
7. Author(s) 
Fred W. Matting 
9. Performing Organization Name and Address 
NASA Ames  Research  Center 
Moffett Field, Calif., 94035 
12. Sponsoring Agency Name and Address 
National  Aeronautics  and  Space  Administration 
Washington, D. C. ,  20546 
1 
- 
3. Recipie 0332767 
5. Report Date 
November 1970 
6. Performing organization Code 
8. Performing Organization Report No. 
'A-3614 
10. Work Unit No. 
~ 
124-07-01-10-00-21 
11. Contract or Grant No. 
13. Type of Report and Period Covered 
Technical Note 
14. Sponsoring  Agency  Code 
15. Supplementary Notes 
16. Abstract 
A general  method is presented  for  solving  the  problem of heat-shield  response  in  the 
stagnation  region of a  charring  type  ablator.  The  analysis is actually  for  the  stagnation 
point of an  axisymmetric  blunt  body, but it is a  valid  approximate  method  for  calculations 
in  the  stagnation  region of any  arbitrary blunt body. The  analysis is applicable  to wind- 
tunnel  or  flight  conditions,  and  the  heat  loadings  are  either  arbitrarily  assigned  or  they 
are calculated  concurrently  with  the  heat-shield  response.  Surface  heating (o r  cooling) 
mechanisms  accounted  for  are  those due to  convection,  radiation,  homogeneous  combustion, 
heterogeneous  combustion,  surface  material  removal by means  other  than  combustion 
(includes  erosion) , and  sublimation.  Physical  and  thermodynamic  properties of the 
ablating  material   are  arbitrari ly  assigned so that  calculations  can be  made for  various 
materials. 
A typical  application of the  analysis is given as  an  illustration.  The  analysis is 
machine  programmed  for  numerical  solutions  using a finite  difference  scheme,  and a 
family of computing  programs is used.  These  programs are described  and  instructions 
a r e  provided  for  using  them.  The  programs  can be  obtained  from COSMIC, University 
of Georgia, Athens, Georgia, 30601. 
17. Key Words  (Suggested by Author(s)) 
Ablation 
Heat shields, response 
Heat shield  materials  (charring) 
Pyrolysis  and  charring 
Thermal  protection 
18. Distribution Statement 
Unclassified-Unlimited 
19. Security Clasif.  (of this report) 1 20; Security Classif. (of this page) 
Unclassified  Unclassified 
- "_ - 
*For sale by the Clearinghouse for Federal Scientific and Technical Information 
Springfield, Virginia 221 51 

TABLE OF CONTENTS 
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . .  
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . .  
ANALYSIS  AND  METHOD OF SOLUTION . . . . . . . . . . . . . .  
Basic  Approach  and  Approximations . . . . . . . . . . .  
Conservation  Equations . . . . . . . . . . . . . . . . .  
Solution  of  the  Continuity  Equation . . . . . . . . . .  
Physical  Properties  of  Solid  Material . . . . . . . . .  
Rate  of  Flow  of  Pyrolysis  Gases . . . . . . . . . . . .  
Surface  Recession  Velocity . . . . . . . . . . . . . . .  
Quantities  Required  for  Subsequent  Calculations . . . .  
Surface  Convective  Heat-Transfer  Rate . . . . . . . . .  
Blowing  Factor . . . . . . . . . . . . . . . . . . . . .  
Radiation  Energy  Rate . . . . . . . . . . . . . . . . .  
Homogeneous  Combustion  Energy  Input  Rate . . . . . . . .  
Sublimation  Energy  Rate . . . . . . . . . . . . . . . .  
Boundary Conditions . . . . . . . . . . . . . . . . . .  
Trajectory  Equations . . . . . . . . . . . . . . . . . .  
Calculated  Quantities  of  Interest . . . . . . . . . . .  
Energy  Balance . . . . . . . . . . . . . . . . . . . . .  
Representations  of  Physical  Properties . . . . . . . . .  
NUMERICAL  ANALYSIS  AND  COMPUTATION  PROCEDURES . . . . . . .  
Finite Differencing . . . . . . . . . . . . . . . . . .  
Some  Features  of  the  Computer  Program . . . . . . . . .  
Starting Values . . . . . . . . . . . . . . . . . . . .  
Use  of  Programs  in  Various  Approximations . . . . . . .  
Illustrative  Example . . . . . . . . . . . . . . . . . .  
DISCUSSION  AND  CONCLUSIONS . . . . . . . . . . . . . . . .  
APPENDIX A . PRINCIPAL  NOMENCLATURE . . . . . . . . . . . .  
APPENDIX B . CALCULATION  OF  AIR  FLOW  FOR  OXYGEN  DIFFUSION . 
APPENDIX C . USE  OF  COMPUTING  PROGRAMS . . . . . . . . . .  
Heterogeneous  Combustion  and  Erosion  Energy  Rates . . .  
Stability  and  Accuracy  of  the  Finite  Difference  Equation 
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . .  
Page 
. . . . . . .  1 
. . . . . . .  1 
. . . . . . .  2 
. . . . . . .  2 
. . . . . . .  3 
. . . . . . .  4 
. . . . . . .  6 
. . . . . . .  7 
. . . . . . .  9 
. . . . . . .  15 
. . . . . . .  17 
. . . . . . .  19 
. . . . . . .  21 
. . . . . . .  22 
. . . . . . .  23 
. . . . . . .  23 
. . . . . . .  24 
. . . . . . .  25 
. . . . . . .  27 
. . . . . . .  27 
. . . . . . .  30 
. . . . . . .  31 
. . . . . . .  31 
. . . . . . .  32 
. . . . . . .  32 
. . . . . . .  37 
. . . . . . .  40 
. . . . . . .  41 
. . . . . . .  44 
. . . . . . .  46 
. . . . . . .  58 
. . . . . . .  61 
. . . . . . .  84 
iii 
I 
ANALYSIS OF CHARRING ABLATION WITH DESCRIPTION 
OF ASSOCIATED COMPUTING PROGRAM 
Fred W .  Matting 
Ames Research Center 
SUMMARY 
A general  method i s  presented  for  so lv ing  the  problem of  hea t -sh ie ld  
r e s p o n s e  i n  t h e  s t a g n a t i o n  r e g i o n  o f  a c h a r r i n g  t y p e  a b l a t o r .  The a n a l y s i s  is  
ac tua l ly  fo r  t he  s t agna t ion  po in t  o f  an  ax i symmet r i c  b lun t  body ,  bu t  it i s  a 
val id  approximate method f o r  c a l c u l a t i o n s  i n  t h e  s t a g n a t i o n  r e g i o n  o f  a n y  
a rb i t r a ry  b lun t  body .  The a n a l y s i s  i s  a p p l i c a b l e  t o  w i n d - t u n n e l  o r  f l i g h t  con- 
d i t i o n s ,  and the  hea t  l oad ings  are e i t h e r  a r b i t r a r i l y  a s s i g n e d  o r  t h e y  are cal-  
cu la t ed  concur ren t ly  wi th  the  hea t - sh i e ld  r e sponse .  Su r face  hea t ing  (o r  
cool ing)  mechanisms  accounted f o r  are those  due t o  c o n v e c t i o n ,  r a d i a t i o n ,  
homogeneous combustion,  heterogeneous  combustion,  surface  material  removal  by 
means other   than  combust ion  ( includes  erosion) ,   and  subl imat ion.   Physical   and 
thermodynamic p r o p e r t i e s  o f  t h e  a b l a t i n g  m a t e r i a l  a r e  a r b i t r a r i l y  a s s i g n e d  s o  
t h a t  c a l c u l a t i o n s  c a n  b e  made f o r  v a r i o u s  m a t e r i a l s .  
A t y p i c a l  a p p l i c a t i o n  o f  t h e  a n a l y s i s  i s  given as a n  i l l u s t r a t i o n .  The 
a n a l y s i s  is  machine programmed for  numer ica l  so lu t ions  us ing  a f i n i t e  d i f f e r -  
ence  scheme,  and a family  of  computing  programs i s  used.  These  programs  are 
desc r ibed  and  in s t ruc t ions  a re  p rov ided  fo r  u s ing  them. The programs  can  be 
obtained from COSMIC, University of Georgia,  Athens,  Georgia,  30601. 
INTRODUCTION 
Hea t  sh i e lds  o f  t he  cha r r ing  ab la to r  t ype  are i n  g e n e r a l  u s e  f o r  f r o n t a l  
o r  s t agna t ion  r eg ion  p ro tec t ion  of cu r ren t  space  veh ic l e s .  The cha r r ing  ab la -  
t o r  sys t em has  p roven  to  be  qu i t e  success fu l ,  a t  l e a s t  up t o  e n t r y  s p e e d s  c o r -  
r e s p o n d i n g  t o  l u n a r  r e t u r n s .  A cons iderable  amount of  performance data  on 
var ious heat-shield mater ia ls  has  been and i s  b e i n g  o b t a i n e d  i n  t h e  l a b o r a t o r y ,  
p a r t i c u l a r l y  i n  a r c - j e t  wind t u n n e l s .  However, laboratory  experiments   cannot  
d u p l i c a t e  a l l  t he   chang ing   cond i t ions   encoun te red   i n   en t ry   f l i gh t s .  Thus 
a n a l y t i c a l  methods are needed for  pred ic t ing  hea t -sh ie ld  per formance ,  and  to  
eva lua te  the  accu racy  o f  t he  p red ic t ions ,  ca l cu la t ed  r e su l t s  must be compared 
wi th  labora tory  da ta  for  any  g iven  hea t -sh ie ld  material. There  are  approxima- 
t i o n s  i n  t h e  a n a l y s i s  p r e s e n t e d  i n  t h i s  r e p o r t ,  and t h e r e  a r e  some unce r t a in -  
t i e s  i n  t h e  e f f e c t i v e  p h y s i c a l  and thermodynamic p r o p e r t i e s  o f  materials 
considered.  (As an  example, the   thermal   conduct iv i ty  of some cha r s ,  which i s  
temperature dependent,  may exh ib i t  hys t e re s i s  depend ing  on t h e  maximum temper- 
a t u r e  t o  which the char  has  been exposed.)  When sat isfactory checks between 
c a l c u l a t i o n s  and a range of experiments are obta ined ,  we can assume t h a t  t h e  
material p rope r t i e s  a re  be ing  adequa te ly  r ep resen ted ,  and we have confidence 
i n  making c a l c u l a t i o n s  f o r  f l i g h t s .  
A genera l  method is  presented  here  for  de te rmining  the  material response 
of a c h a r r i n g  a b l a t o r  i n  t h e  s t a g n a t i o n  r e g i o n  o f  a blunt body. The a n a l y s i s  
has  been formed for  an axisymmetr ic  s tagnat ion point ,  but  it i s  e s s e n t i a l l y  
va l id  in  the  s t agna t ion  r eg ion  o f  any  b lun t  body .  The ana lys i s  is  app l i cab le  
t o  b o t h  wind tunne l  and  f l i gh t ,  and i n  e i t h e r  case the  hea t  loading  can  be  cal- 
cu la t ed  concur ren t ly  wi th  the  hea t - sh i e ld  r e sponse  o r  a r b i t r a r i l y  a s s i g n e d .  
The hea t  sh i e ld  can  have  an  a s s igned  f in i t e  dep th ,  o r  a ca l cu la t ion  us ing  a 
semi - in f in i t e  dep th  can  be  made. Su r face  ene rgy  t r ans fe r  mechanisms accounted 
fo r  i nc lude  those  due  to  convec t ion ,  r ad ia t ion ,  homogeneous combust ion,  heter-  
ogeneous combustion, surface material removal by means other than combustion 
( inc ludes   e ros ion) ,   and   subl imat ion .   In te rna l ly ,   the   mater ia l   rece ives  (o r  
l o s e s )  s e n s i b l e  h e a t ,  and it pyro lyzes  ( in  a zone)  from t h e  o r i g i n a l  v i r g i n  
p l a s t i c  t o  ( f i n a l l y )  p u r e  c h a r .  
An attempt has been made to  r ep resen t  t he  cha r r ing  ab la t ion  p rob lem 
mathematical ly  in  an accurate  but  s imple manner .  Some p a r t s  o f  t h e  a n a l y s i s  
a r e  similar t o  t h e  a n a l y s i s  o f  s u r f a c e  a b l a t i o n  i n  r e f e r e n c e  1, but  many of  
t h e  b a s i c  mechanisms r e q u i r e  a d i f f e r e n t  a n a l y s i s .  The ana lys i s  has  been  
machine programmed for   numer ica l   so lu t ions .   Externa l   condi t ions ,   mater ia l  
p r o p e r t i e s ,  a n d  v a r i o u s  c a l c u l a t i o n  o p t i o n s  c a n  b e  r e a d  i n  a r b i t r a r i l y ,  and a 
family of computing programs i s  used  to  hand le  the  va r ious  types  o f  cases .  
The r e s u l t s  o f  a t y p i c a l  example a r e  p r e s e n t e d  t o  i l l u s t r a t e  t h e  v a r i o u s  c a l -  
cu la t ions  tha t  can  be  made.  The p r inc ipa l  f ea tu re s  o f  t he  computing  programs 
are descr ibed ,  and i n s t r u c t i o n s  are provided  for  use  of  the  programs.  
ANALYSIS AND METHOD OF SOLUTION 
Basic  Approach and Approximations 
The a n a l y s i s  i s  concerned with the problem of  charr ing type ablat ion that  
o c c u r s  i n  t h e  s t a g n a t i o n  r e g i o n  o f  a blunt body. The ab la t ing  ma te r i a l  can  be  
c o n s i d e r e d  t o  b e  e i t h e r  v e r y  t h i c k  ( s e m i - i n f i n i t e )  o r  o f  f i n i t e  d e p t h .  The 
type  of  ab la t ion  s tudied  inc ludes  pyro lys i s  or  degrada t ion  ins ide  the  mate-  
r i a l .  I t  a lso  involves   surface  removal   of  material by  heterogeneous combus- 
t i o n ,  by erosion or  surface chemical  react ion other  than combust ion,  and  by 
subl imat ion.  Heat l iberated  by  chemical   react ions  between  the  gases   expel led 
and the  ex te rna l  gas  i s  a l so  t aken  in to  accoun t .  
The ex terna l  hea t  loading  (convec t ive  and r a d i a t i v e )  on the  ab la to r  can  
b e  p u t  i n t o  t h e  c a l c u l a t i o n s  i n  two ways: e i t h e r  a r b i t r a r i l y  programmed as a 
func t ion  o f  t ime ,  o r  ca l cu la t ed  concur ren t ly  wi th  the  hea t - sh i e ld  r e sponse .  
For  wind-tunnel  cases ,  the loadings,  e i ther  programmed as inpu t  o r  ca l cu la t ed ,  
a r e  u s u a l l y  e s s e n t i a l l y  c o n s t a n t .  F o r  f l i g h t  c a s e s ,  t h e  l o a d i n g s  u s u a l l y  v a r y  
grea t ly  wi th  t ime.  Thei r  ca lcu la t ion  involves  the  s imul taneous  so lu t ion  o f  
' t r a j ec to ry  equa t ions  wi th  the  ab la t ion  equa t ions .  
2 
The  ablation  response  analysis  is  strictly  set  up  for  the  stagnation 
point  of  an  axisymmetric  blunt  body.  The  analysis  is  also  used  as  a  good 
approximation to calculate  the  heat-shield  response  in  the  stagnation  region 
of  an  arbitrary  blunt  body.  The  external  heat  loading  at  the  point  for  which 
the  response  calculations  are  made  must  be  known (or calculated).  The  analy- 
sis  has  also  been  used  for  response  calculations  at  points  far  from  the  stag- 
nation  region.  This  use  is  quite  approximate,  but  it  is  not  necessarily 
unreasonable  when  the  heat  loading  at  such  points  is  relatively  small.  Since 
the  analysis  is  essentially  one-dimensional,  the  approximate  use  assumes  that 
lateral  heat  transfer  is  negligible  compared  to  heat  transfer  normal  to  the 
surface. 
As will be seen,  the  principal  equation  to  be  solved  is  a  time-dependent 
energy  equation  that  describes  an  energy  balance  in  the  interior  of  the  mate- 
rial. A number  of  auxiliary  equations  are  used  to  evaluate  terms  within  it. 
The energy  equation  is  a  partial  differential  equation  of  parabolic  type  with 
independent  variables,  time, t, and  depth  in  the  material, y. Boundary  condi- 
tions  are  determined  by  surface  energy  balance  equations,  and  initial  condi- 
tions  must  be  supplied.  The  energy  equation  is  solved  numerically  by  finite 
differences. 
Conservation  Equations 
The  analysis  is  essentially  a  time-dependent  energy  balance  along  the 
stagnation  center  line  of  an  axisymmetric  blunt  body.  The  one-dimensional 
coordinate  system  used  is  shown  in 
sketch (a). The  basic  equations  to  be 
solved  are  the  conservation  equations 
for  energy  and  mass,  written  in  a  sim- 
plified  form  that  is  valid  in  the  stag- 
nation  region.  The  densities  of 
virgin  material  and  pure  char,  respec- 
tively pp and  pch,  are  considered 




1 - - - - - - - constant.  The  conservation  equations 
[ - Y  used  are: 
0 
Sketch (a) . - Coordinates. 
Energy  Equation 
where 
- - 
vs = vscomb + Tsero + Vssub 
- = vs (t) (i  .e. , independent  of  y) 
rate of  product ion of py ro lys i s  gases  pe r  un i t  space  volume, g/cm3sec 
( 2  01 
mg rate o f  f low o f  py ro lys i s  gases  pas t  a po in t ,  t aken  as an  abso lu te  va lued  quan t i ty ,  g/cm2sec 
h,, energy   re leased   by   the   pyro lys i s   reac t ion ,   ca l /g   o f   gas   p roduced;  
h,, < 0 for  endothermic  reac t ions .  This  can  be  descr ibed  as a func- 
t i o n  of tempera ture ,  bu t  it can of ten be convenient ly  approximated as 
a constant  (see appendix A).  
Equation  (1) i s  c o n s i d e r e d  t o  b e  a reasonable   approximation.  The thermal 
conduc t iv ig  o f  gaseous  material i s  neglec ted  (or  can be considered as lumped 
i n t o   t h e  Ks term).   Also  neglected are v i s c o u s   d i s s i p a t i o n  and  compression 
work.   Secondary  chemical   react ions  involving  the  pyrolysis   gases  as they  f low 
th rough  the  so l id  material are not  spec i f ica l ly  t rea ted .  Secondary  gaseous  
r e a c t i o n s ,  i f  known a long  wi th  the i r  ra tes ,  can  be  accounted  for  approximate ly  
by  se l ec t ion  of  t he  t empera tu re  en tha lpy  va r i a t ion  o f  t h e  p y r o l y s i s  g a s e s .  
- 
Continui ty  Equat ion 
Pyro lys i s  Gases 
So l id  Mate r i a l  
The o rde r  o f  t he  py ro lys i s  r eac t ion  i s  n ,  and 
-32 
K = S  e T P 
i s  the  Ar rhen ius  fo rmula  fo r  t he  r eac t ion  ra te .  The procedure w i l l  b e  t o  
solve  cont inui ty   equat ion  (3b)  f o r  ps and s u b s t i t u t e   t h e   s o l u t i o n   i n t o   t h e  
energy equation (1) . 
Solu t ion  o f  the  Cont inui ty  Equat ion  
We combine equations  (3b)  and (4) and  have 
where D p s / D t  i s  a s u b s t a n t i a l   d e r i v a t i v e   ( i . e . ,  it fol lows a c e r t a i n  small 
mass o f  t h e  s o l i d  m a t e r i a l ) .  
4 
Let 
where  1 - J is  the  degree  of  degradation.  Then 
with  the  (usual)  initial  condition Ji(ti) = 1.  In  the  integration  of 
equation (8) , we  define: 
z = it K dtl 
ti 
Equation (8) has  the  solutions: 
- 1 
J = e-' for  n = 1 
( 9 )  
With  the  inversion  of  equation ( 7 ) ,  
The  type  of  asymptote  for J expected  indicates  that  one  should  expect 
n 2 1. In  any  case,  in  the  computing  program, J is  not  allowed  to  become 
negative. 
As noted  above  Dps/Dt  is  a  substanlial  derivative  and it refers  to a 
specific  location  in  the  material: 
K = K(T) and T = T(y, t) 
This  evaluation  of K is  used  (in  principle)  in  equation (9), the  integral 
for z .  The  solution  for p s  thus  depends  on  the  past  history  of  a  point  in 
the  material.  When ps is  determined, ~ can  be  evaluated  from  equation (4) 
for  substitution  in  the  energy  equation ( f ) .  
In  the  numerical  computing  program,  z  (eq. (9)) is  obtained  by a  proce- 
dure  that  is  equivalent  to  the  equations  developed  above. Thus, 
5 
The s u b s c r i p t ,  -1, refers t o  t h e  p r e v i o u s  time l i n e ;  and X and X - 1  r ep resen t  
t o t a l  surface recession corresponding t o  the  cur ren t  and  previous  time l i n e s ,  
respect ively.   (Equat ion  (59)  i s  u s e d   t o   c a l c u l a t e  X ;  see Surface  Recession.)  
I n  t h e  f i n i t e  d i f f e r e n c i n g  scheme, t h e  a r r a y ,  y(M), is used  where M i s  t h e  
s p a t i a l  g r i d  p o i n t  number i n  t h e  s p a t i a l  f i n i t e  d i f f e r e n c i n g .  A new a r r a y  i s  
needed f o r  f o l l o w i n g  t h e  time h i s t o r y  o f  s p e c i f i c  p o i n t s  i n  t h e  material: 
where Y-l(M) f o r   t h e   p r e v i o u s  time l i n e  and y(M) f o r  t h e  c u r r e n t  time l i n e  
r e p r e s e n t  t h e  same p o i n t  i n  t h e  material. From the  p rev ious  time l i n e  we have 
saved  the  a r rays  T- 1 (M) and z- 1 (M) (which a re  spaced  acco rd ing  to  the  y(M) 
a r r a y ) .  We i n t e r p o l a t e  a g a i n s t  7- 1(M) t o  o b t a i n  t h e  T-l  (M) and Z l  (M) 
a r r a y s .  We use  equation  (5)  with  the  argument T_1(M) t o   o b t a i n   t h e  K 1 ( M )  
a r r a y .  We then   ob ta in  
- 
- 
where A t  i s  t h e  f i n i t e  time increment   between  the  previous  and  current   t ime 
l i nes .  This  is t h e   n u m e r i c a l   s o l u t i o n   t o   t h e   i n t e g r a l   i n   e q u a t i o n   ( 9 ) ;   t h e  z 
values  thus  obta ined  are u s e d  i n  e q u a t i o n  ( 1 0 ) .  ( I t  w i l l  b e  s e e n  l a t e r  t h a t  
T(M) and  hence K(M) a r e  known at  t h i s  p o i n t  i n  t h e  c a l c u l a t i o n  p r o c e d u r e . )  
Phys ica l  Proper t ies  of  Sol id  Material 
P h y s i c a l  p r o p e r t i e s  o f  t h e  s o l i d  m a t e r i a l  w i l l ,  i n  g e n e r a l ,  depend  on 
temperature and on the  ex ten t  o f  deg rada t ion .  We need t h e  s p e c i f i c  h e a t  a n d  
the rma l  conduc t iv i ty  o f  bo th  the  v i rg in  p l a s t i c  and pure char as func t ions  of  
temperature .  Data f o r  p a r t i a l l y  d e g r a d e d  m a t e r i a l  would a l s o  b e  d e s i r a b l e ,  
b u t  i n  i t s  absence we assume a l i n e a r  r e l a t i o n s h i p  w i t h  d e n s i t y  as below. 
Thus 
Equation (13) i s  the  gene ra l  fo rmula  fo r  t he  phys ica l  p rope r t i e s  o f  t he  so l id  
material. I t  i s  n o t  p e r f e c t l y  c o n s i s t e n t  w i t h  a volumetr ic  model ske tched  in  
the  nex t  s ec t ion ,  bu t  it i s  cons idered  to  be  wi th in  the  framework of  
approximations used. 
The formula assumed for  thermal  conduct iv i ty  is  somewhat except iona l ;  it 
i s  of t h e  same form as equation (13) , but  it i s  also modif ied by an empir ical  




Ks = [& + (q - Kch)J][I - 4 ( 1  - CJ)J( l  - J) (14) 
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The  modifying  multiplier  in  equation (14) changes  the  thermal  conductivity  in 
the  pyrolysis  zone (0 < J < 1). The  maximum  modification  (at J = 0.5) by CJ, 
a  read-in  quantity,  is  generally  a  reduction  to  account  for  the  reduced  con- 
ductivity  in  the  pyrolysis  zone  of  some  materials.  (Values  of CJ of 0.6 to 
1.0  have  been  used  in  matching  wind-tunnel  data.) If no  modification  is 
wanted, CJ is  assigned a  value  of  unity. 
For  some  materials  a  reduction  in  thermal  conductivity  may  be  accompanied 
by a  similar  reduction  in  density  in  the  pyrolysis  zone,  but  since  the  overall 
effect  on  the  calculations  is  small,  it  is  neglected  in  the  analysis.  (The 
computer  programs  could  be  modified  to  include  it.)  Reduced  thermal  conduc- 
tivity  across  a  narrow  zone  can  have  an  effect  because  it  influences  the  heat 
transfer  across  that  zone. 
Physical  properties  are  computed  by  a  material  properties  subprogram  for 
this  purpose.  Data  may  be  either  tabular or in  equation  form  as  inputs  to  the 
subprogram. 
Rate of Flow  of  Pyrolysis  Gases 
The  rate of flow of pyrolysis  gases  past  a  station, mg is a  term  in  the 
energy  equation (1). This  can  be  evaluated  by  summing  up  the  rate  of  gas  pro- 
duction  between  a  station  and  the  interior  when  one  neglects  the  small  change 
in  gas  stored  in  the  interior.  Equivalently,  one  can  evaluate  the  rate  of 
mass  loss of solid  material  between  a  station  and  the  interior  to  give  the 
rate  of  gas  production.  This  latter  is  the  method  that  is  used.  The  calcula- 
tion  requires  knowledge  of  the  surface  recession  rate.  This  rate  (the  veloc- 
ity  of  solid  material  in  the  coordinate  system, Vs) is  obtained  from 
equation ( 2 ) .  The  components  in  equation ( Z ) ,  which  are  summed up, are 
obtained  from  surface  calculations  which  are  described  below  in  the  section, 
Surface  Recession  Velocity. 
The  gas  density, in  equation (1) , is  actually  the  weight  of  gas  in a %’ unit  volume of space  (with a  portion  of  the  unit  volume  taken  up  by  solid 
material).  The  gas  is  assumed  to be at  the  local  temperature of  the  solid 
material  and  at  the  external  pressure, . Using  the  perfect  gas  law  we  have PS 2 
where Rg is  the  universal  gas  constant  and Vg is  the  volume  actually 
occupied  by  the  gas  in  a  unit  spatial  volume.  Using  our  simple  model  for  the 
density  of  the  solid  material,  we  have 
- 
P s  = PCh(1 - J) + pPJ (11) 
Char, 
spatial volume 
fraction = I-J fraction = J 
Virgin plastic, 
spatialvolume which  can  be  visualized  in  a  simplified 
way  as  shown  in  sketch (b). We  need 
Sketch (b).- Volume fraction. the volume fraction actually occupied 
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I 
b y  t h e  s o l i d  p a r t  o f  t h e  c h a r ,  which i s ,  i n  t u r n ,  a f r a c t i o n  o f  t h e  s p a t i a l  
volume occupied by the char .  
- 'Ch" - J, Volume of s o l i d   c h a r  material 
Vcha - - -  Tota l  volume ." ~~ (16) Pcha 
- 
Pcha 
Equat ion (17b)  contains  the porosi ty  of  the char  
Por  = Pcha - Pch 
Pcha 
Equation  (17b) is  combined with  equation  (15)  to  give 
P cha 
where pg i s  t h e  mass o f   g a s   p e r   u n i t   s p a t i a l  volume. 
As noted  above,  the term fig in   equat ion   (1)  i s  t h e  mass ra te  of  gas 
flow past  a g i v e n  s t a t i o n .  When t h e  small change i n  gas  s to red  in  a con t ro l  
volume i s  neglected,  the gas  f low ra te  , - [ - T I  past   gas   product ion a s t a t i o n   r a t e  i s  approximate ly   tha t   occurs   the  a t  a l l  
d e p t h s  t h a t  a r e  d e e p e r  i n  t h e  m a t e r i a l .  
In  ske tch  (c) t h e  d o t t e d  l i n e  r e p r e -  
s o l i d  and gaseous material i s  flowing 
yMF O r  from r i g h t   o  l e f t .  The term mg i s  
YBF a pos i t i ve   quan t i ty .   Con t inu i ty   fo r  
L _ _ _ _ _ _ _ _ _  J 0 s e n t s   t h e   c o n t r o l  volume,  and t h e  
0 Y 
t h e  c o n t r o l  volume with the semi- 
Sketch  (c) .- Contro l   vo lume.   in f in i te   formula t ion  i s :  
Equat ion  (19) ,  then ,  neglec ts  the  ra te  o f  change of the amount of  gas  s tored 
i n  the   con t ro l  volume,  which  must be   smal l .  The va lue   o f  YMF i s  cons tan t   as  
i t  i s  f i x e d  i n  t h e  s p a t i a l  c o o r d i n a t e  s y s t e m .  I t  i s  a l s o  l a r g e  enough t h a t  no 
degradat ion reaches i t ,  so  it c a n  r e p r e s e n t  i n f i n i t e  d e p t h .  
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The f i n i t e  d e p t h  f o r m u l a t i o n  i s  similar but  i s  s l i g h t l y  d i f f e r e n t  i n  f o r m .  I n  
place of equations (19) and (20) w e  have 
The limit, YBF, i s  n o t  f i x e d  i n  t h e  c o o r d i n a t e  s y s t e m ;  it i s  the  depth  of  t h e  
back   sur face   o f   the  material. I t  sh r inks  a t  t h e  ra te  lVs I .  Equations  (20) 
and  (21) a r e  a c t u a l l y  e q u i v a l e n t .  As evaluated by t h e  computing  program, t h e  
i n t e g r a l  i n  e q u a t i o n  (20) o r  (21) is  c a l c u l a t e d  f o r  t h e  c u r r e n t  and t h e  p r e v i -  
ous time l i n e s ,  and t h e  p a r t i a l  d e r i v a t i v e  w i t h  time i s  approximated as a 
d i f fe rence  quot ien t  wi th  denominator ,  A t .  
Surface Recession Velocity 
The s u r f a c e  r e c e s s i o n  v e l o c i t y ,  Ts, appears  in  equat ions (20)  and (21) as 
well as in   equa t ion   (1 ) .   Fo r  Vs, we can   rewr i te   equa t ion  (2) as 
- 1 
v s = - -  PS (mscomb + msero + mssub) 
where t h e  m ' s  a r e  2 0 .  With a c h a r r i n g  a b l a t o r ,  t h e r e  i s  e s s e n t i a l l y  no sur- 
face r e c e s s i o n  p r i o r  t o  t h e  b e g i n n i n g  o f  p y r o l y s i s .  With the  onse t  o f  py ro l -  
y s i s  (which proceeds back from the front surface),  a cha r red  f ron t  face i s  
quickly  obtained.  Thus, w e  write and use  f o r  TT,: 
- 1 
v s = - -  P ch (mchcomb + %hero + mchsub) 
We now eva lua te  mchComb, mCherp, and mchSub. (These are computed i n  t h e  
material properties subprogram. 
Char  combust ion rate-In calculat ing the char  combust ion rate ,  mchcomb, we 
f i r s t e v a l u a t e - t h e  amount o f  oxygen t h a t  c a n  d i f f u s e  t o  t h e  c h a r  s u r f a c e  t o  
perform  combustion.  In  the model chosen, i t  i s  assumed t h a t  t h e  p y r o l y s i s  
gases burn,  and have first claim on the  ava i lab le  oxygen,  leav ing  a lesser 
amount ava i lab le   for   he te rogeneous   combust ion .  I t  i s  assumed t h a t  t h e  homo- 
geneous burning occurs a t  a flame f ront  near  the  outer  edge  of  the  boundary  
l a y e r .  The maximum a i r  f low pe r  un i t  area i s  
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From  boundary-layer  theory we have 
I" 
where 4 is a  dimensionless  stream  function  that  normally  takes  the  value, 
unity  (see  appendix B y  eq. (B7)) .  For gases  other  than  air,  and  for  off- 
stagnation  approximate  calculations, (p may be assigned  values  other  than 
unity.  The  air  available  for  oxygen  diffusion  is  taken  to  be 
- 
- 
mair - ( ~ ~ ~ ~ v ~ ~ ~ ) ~  = lesser  of  the  values 
from  equations  (24) 
The  available  oxygen  is 
'ox = 'aircox 
where Cox is  the  mass  fraction  of  oxygen  in  the  ambient  gas. 
theoretically  used  in  the  homogeneous  combustion  is: 
mox = mgWEq 
the0 
(26) 
The  oxygen 
where mp =.mg(O, t) is  the  rate  of  pyrolysis  gas  expulsion  and E 2  is  the 
stoichiometrlc  ratio  of  oxygen  to  pyrolysis  gas  for  the  reaction  assumed  to 
take  place.  The  excess  oxygen  is 
mox = mox - mox 
ex  the0 
If  mox < 0, there  is  no  excess  oxygen  and  not  all  the  pyrolysis  gases  are 
burned.  The  heat  liberated  by  combustion f the  pyrolysis  gases  is  propor- 
tionately  reduced,  and  according  to  our  model,  there  is  then  no  heterogeneous 
combustion.  If 
ex 
mox < 0 
ex 
then  we  use 
mox = 0 
ex 
in  all  subsequent  calculations. For  the  concentration  of  oxygen  by  weight 
available  for  heterogeneous  combustion,  we  can  write 
Coxf =  cox^%) mox 
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For heterogeneous combustion, oxygen must diffuse to the wall, g iv ing  a 
concent ra t ion  a t  t h e  wall, Coxw. The k i n e t i c  r e a c t i o n  ra te  depends on Cox,. 
S ince  the re  is no accumulation o r  dep le t ion  of oxygen i n  a quas i - s teady  s t a t e  
p r o c e s s ,  t h e  d i f f u s i o n  r a t e  a n d  t h e  k i n e t i c  ra te  of consumption of oxygen must 
be  equal .  
For t h e  oxygen d i f f u s i o n  rate,  we u s e  t h e  L e w i s  analogy (with Le = 1 ) ;  
(see re f .  1). This states t h a t  t h e  r a t i o  o f  t h e  r a t e  o f  d i f fus ion  o f  a 
s p e c i e s  t o  i ts  c o n c e n t r a t i o n  p o t e n t i a l  e q u a l s  t h e  r a t i o  o f  t h e  c o n t i n u u m  con- 
v e c t i v e  h e a t - t r a n s f e r  ra te  (corrected by a b lowing  fac tor )  to  the  en tha lpy  
p o t e n t i a l  . 
-~ moxd *qoc  *qoc 
Coxf - coxw 
= - -  
Ah - [0.z3; - F T ]  p w 
where the cont inuum convect ive heat- t ransfer  ra te ,  qoc,  the blowing factor ,  $, 
and t h e  e n t h a l p y  v e l o c i t y  V ,  a re  e v a l u a t e d  i n  t h e  s e c t i o n ,  S u r f a c e  Heat 
Transfer .  With t h e   e v a l u a t i o n   f o r  qoc (eq.  ( 6 2 ) ) ,  and neg lec t ing   any   vo r t i c -  
i t y  c o r r e c t i o n  on qoc,  one  can write 
. "- 'oxd = 0.0O836$Aq$ v1 = 
Kd 
Coxf - coxw 
moxd = Kd(Coxf - coxw) (33)  
where Kd depends on external   condi t ions,   nose  radius ,   and  the ra te  of  expul- 
s ion  o f  py ro lys i s  gases .  The t h e o r e t i c a l  maximum oxygen d i f f u s i o n  r a t e  occurs  
when t h e  wall concent ra t ion  i s  zero. 
For t h e  r e a c t i o n  ra te  of oxygen consumption i n  t h e  s u r f a c e  combustion we 
use an Arrhenius type of r a t e  cons t an t .  CE 
" 
KO, = Kr e TW ( 3 5 )  
Then f o r  a r e a c t i o n  of o rde r  j we have 
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where  Rair,  the  gas  constant  for  air  (or  other  external  gas),  is  approximated 
as  independent of the  oxygen  concentration.  Upon  combining  constants: 
where K 1  is  the  constant  read  into  the  computing  program,  Then 
The  maximum  theoretical  reaction  rate  would  occur  with  an  oxygen  mass  fraction 
of  unity, so we define 
(Actually Coxw cannot exceed Coxf.) Then 
With  the  quasi-steady  state  assumed, 
mox = 'oxd - 'oxr 
- 
With  the  substitution  of  equation (42) into  equations (33) and  (411,  we  have 
two equations  in  two  unknowns, mox and C, that  can  be  solved.  In  computa- 
tions,  one  generally  assumes  the  combustlon  reaction  to  be  of  half  order 
( j  = 0.5) . (This  should be the  case  for  the  combustion f  carbon  with  undis- 
sociated  oxygen  to  carbon  monoxide,  C + (1/2)02 -+ CO.) In  two  typical  mate- 
rial  properties  subprograms, j = 0.5 is  "built  in";  in  a  third  subprogram, j 
is an  arbitrary  read-in  quantity  (see  appendix C). Finally,  the  rate  of  oxy- 
gen  consumption  is  converted  into  char  combustion 
- %xCkdb 
mchcomb - CX (431 
where  Ckdh  is  the  reciprocal  of  the  fraction of char  that  is  carbon,  and  the 
noncombustible  fraction  of  the  char is assumed  either  to  melt  off  or  blow  off. 
The  quantity, Cx, is  the  stoichiometric  ratio  of  oxygen  to  carbon  in  the  reac- 
tion.  With  the  usual  assumption  of  combustion f carbon  to  CO,  Cx  is 4 / 3 .  
For the  theoretical  maximum  rate  of  char  combustion  by  diffusion  we  have  from 
equations (34)  and (43) 
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From  equations (40) , (41) , and  (43) , the  maximum  rate  of  char  combustion,  as 
determined  by  the  reaction  rate  and  the  available  oxygen,  is 
The rate of char combustion, fichcOmb, cannot exceed either o r  
?ichcomb.  The  quantity, ',hComb, would be the  rate  if  the  reaction  rate  were 
infinite,  and  mchcomb  would be the  rate  if  diffusion  were  instantaneous. 
These  quantities  are  of  interest,  because  the  approach  of  mchcomb  to  one 
value o r  the  other  denotes  "diffusion  control" r  "reaction  rate  control" of 
the  char  combustion  rate. 
d  max 
r max  d  max 
r rnax 
Char  erosion  rate-For  the  char  consumption  rate  by  other  than  combustion 
o r  sublimation,  we  do  not  fully  understand  the  mechanisms  involved,  and  we  use 
empirical  calculations.  We  call  this  consumption  rate  erosion, kche o ,  
although  there  may  be  chemical  reactions  (and  energies)  involved. Tfie empiri- 
cal  calculations  should  be  related  to  wind-tunnel  experiments  in  inert  gases 
and  also  in  air f o r  a  given  material.  The  erosion  rate  will  vary  considerably 
f o r  different  materials  because of the  variation  of  density  and  structural 
integrity  of  the  char  produced. 
An  equation  that  can be used f o r  erosion  is  of  the  Arrhenius  type: 
m "2 
%hero - ~sw"l(7) Pt2 e W (1 - K2) 
T - 
Another  type of  equation  that  is  based  on  experience  at  Ames  Research  Center 
has  been  used  for  several  materials  (e.g.,  for  phenolic  nylon): 
Equation (46) (of  whatever  type)  is  in  the  material  properties  subprogram f o r  
a  given  material.  The  constants  ai  and  m  can be read  in  using  open  symbols 
available  (see  appendix C, Input  Data), o r  the  constants  can  be  written  numer- 
ically  into  the  material  properties  subprogram.  Threshold  temperatures  can 
also  be  used,  above  which  the  constants  change  values (so that  wind-tunnel 
data  can  be  fit  very  closely). 
Experiments  in  inert  gases  and  in  air  have  indicated  that  for  some  mate- 
rials,  the  surface  recession  due  to  erosion  and  combustion  may  not  be  com- 
pletely  additive  (or  the  one  may  partly  suppress  the  other).  The  factor 
(1 - K2) in  equations (46) is  used  to  account  for  this  empirically,  where 
0 5 K2 < 1 is  a  read-in  quantity. As examples,  for  the  Apollo  type  heat 
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shield  material, K2 = 0.6 has  been  used,  while  for  high-density  phenolic 
nylon, K2 = 0 has  been  used. 
It  is  possible  to  write  more  complicated  expressions  for  erosion  than  the 
examples  in  equation (46) by  postulating  several  failure  mechanisms.  For  exam- 
ple,  a  dependence  on  external  pressure  gradient  would  include  a  term  that 
would be a  function of pt  /R. 
2 
Sublimation  rate-The  calculation f the  mass  loss  rate  by  sublimation, 
%hsub 9 
controlled  rate.  This  is  developed  in  appendix C of  reference  1. 
requires  a  bridging  between  the  free-molecule  rate  and  the  diffusion 
The  free-molecule  rate  of  sublimation  in  a  vacuum  is  calculated  by  the 
Langmuir  equation  (refs.  1  and 2) : 
mchsFM - Acvpve  dy  kdb 2.rr~g~w 
- c  c J Mcv (47) 
where  cdy  is  the  pressure of a  standard  atmosphere  in  dynes/cm2, so that  the 
vapor  pressure,  pve,  is  in  atmospheres.  The  constant,  Ckdb,  converts  the  car- 
bon  sublimation  rate  to  that of the  entire  char.  The  assumption is that  the 
carbon  rate  controls,  and  the  other  material  in  the  char  either  melts  off o r  
is  blown  off.  With  evaluation  of  constants  we  have 
mchsFM = 44 - 3 7 A c v p v e c k d b ~ ~  
The  equilibrium  vapor  pressure,  pve,  is  evaluated  as 
For the  sublimation  rate  with  diffusion  control,  we  use  the  equilibrium 
vapor  pressure, pVe, but  consider  that  it  can be modified  to  a  value, pvm, by 
homogeneous  chemical  reactions. As in  reference 1, this  modification  is 
approximated  as 
Pt, = (2) E7 
PVm 
where E7 = 1  represents  no  modification  (which  is  the  usual  case).  We  define 
and  we  use  the  Lewis  analogy  equation  as  in  reference  1  for  the  rate  of  mass 




[V2 - 0 .00836cpTw] 
where  Ckdb  converts  from  the  carbon  diffusion  rate  to  the  rate  of  entire 
char  consumed,  and  where is  the  molecular  weight  of  the  gaseous  products 
(after  heterogeneous  combus ion).  It  is  assumed  that  this  is  essentially  the 
gas  through  which  the  carbon  vapor  must  diffuse. 
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For  the  mass  loss  rate  by  sublimation we have  finally  (see  ref. 1) : 
1 -   1 + -  1 (53) 
mchsub  ‘chsFM  %hsd 
In  the  development  above  we  have  lumped  all  components  of  the  char 
together,  and  we  have  assumed  that  the  carbon  sublimation  rate  controls  the 
rate  of  consumption  of  char.  The  other  components  of  the  char  may  affect  the 
constants  used,  such  as  equilibrium  vapor  pressure,  pve,  and  accommodation 
coefficient, A,: but  as a  reasonable  approximation,  the  constants  for  carbon 
are  probably  satlsfactory  for  most  chars.  Typical  values  used  for  char  con- 
stants  are: E8 = 22.3,  El9 = 91,600, A, = 1.0, Mcv = 33,  and Mp = 15.  Sub- 
limation,  for  many  conditions,  is  a  small  factor  in  the  ablation  process.  It 
can  become  important  and  even  dominant,  however,  for  very  high  speed  flights 
such  as  from  planetary  returns. 
Quantities  Required  for  Subsequent  Calculations 
Total  pressure-For  the  total  pressure,  (atmospheres) , for  flight  cal- 
culations  we  use  a  hypersonic  approximationYP%ice  the  free-stream  dynamic 




where  a  typical  value  for Al is 0 . 9 5 ,  and  the  number,  101.3,  accounts  for  the 
units  in  the  equation.  For  the  wind-tunnel  case,  pt,  is a read-in  quantity. 
Also L 
PS 2 = 1  .013x106pt 2 (55) 
where  ps2  is  the  pressure  in  dynes/cm2. For  the  arbitrary  heating  rate  com- 
puting  programs, pt2 as  a  function  of  time  is  read  into  the  program. For off- 
stagnation  approximate  calculations,  A1  should  be  adjusted so that  pt  in 
equation (54) becomes  a  local  pressure,  pw.  This  also  applies  to  arbizrary 
heating  rate  calculations  because,  in  these  cases,  equation (54) is  inverted 
to  obtain  the  free-stream  density, D, from  the  programmed  pressure,  pt2  or  pw. 
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Enthalpy  velocity-In  place of using  the  enthalpy  of  the  external  gas  for 
surface  heat-transfer  calculations,  it  is  convenient  to  use  an  ?'enthalpy  veloc- 
ity,"  in  km/sec,  which  is  defined  as  (ref. 1) : 
V2 = 0 .00836hst 
V = 0.0915& 
where  hst  is  .in  cal/g. 
Specific  heat " of " . external - - . . . . . . gas-It . is  convenient  to  use  an  average  specific 
heat  for  the  external  gas  (as-  in ref. 1). This  is  defined  as 
- 1 T  ~p = - J cP  dT1 
T o  
We  use  the  evaluation 
where  E10  and  E3  are  normally  constant  read-in  values. If a  higher  order 
representation  is  desired, E 1 0  and  E3  can be  made  functions  of  temperature  in 
the  material  properties  subprogram.  Values  of  E3 = 0.84~10-~ and 
E10 = 0.1267  have  been  used  for  air  at  flight  conditions. 
Surface  recession-The " " surface  recession,  x,  is  a  quantity  of  interest, 
and  it  is  also  used  in  evaluating  other  quantities. 
x = ITs I (581 
(59) 
Nose  radius-The  effective  nose  radius, R, is  needed  for  the  calculation 
of  the  convective  continuum  heat-transfer  rate,  qoc.  The R is  calculated  as 
a  quantity  that  has  an  empirical  variation  with  surface  recession (a   in 
ref. 1). 
R = Ri[l + E17X2 + c1(eczx - l)] (60) 
The  constants  should  be  evaluated  experimentally  if  possible;  otherwise,  a 
recession  shape  geometry  must be assumed. For a  negligible  shape  change,  the 
constants  have  the  value  zero.  In  the  arbitrary  heating-rate  computing  pro- 
grams,  the R, as a  function  of  time,  is  programmed  as  an  input.  For  approxi- 
mate  calculations  off  the  stagnation  point,  the  value  of R may  be  a 
fictitious  effective  value. 
Tumbling  factor-Tumbling  or  oscillation  in  flight  will  reduce  both  the 
convective  and  radiative  heat  transfer  into  the  point  on  the  body  that  is 
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taken  as  the  nominal  stagnation  point. The  quantity,  Ktu,  is  used  as  a 
multiplying  factor  on  the  heat-transfer  rates.  It  is  evaluated  empirically 
(as  in  ref.  1)  as 
- 
where K is  the  fractional  time  that  the  point  on  the  body  (nominal  stagna- 
tion  point)  is  initially  exposed  to  approximately  stagnation  conditions,  and 
x1 and E16  are  values  selected  to  give  a  realistic  damping  to  the  oscillation 
during  an  entry  flight. For the  entry  of  a  small  body  that  tumbles  initially, 
but  achieves  stability,  the  values  have  been  used: K = 0.25, X 1  = R/10  cm, 
and E16  = 1.0.  For  a  nontumbling  body, K is  unity,  giving  a Kt of  unity. 
For  the  arbitrary  heating-rate  computing  programs, Kt, is  not  usex,  but  it  is 




Surface  Convective  Heat-Transfer  Rate 
The  equations  listed  below  are  identical  with  equations  (15)  through  (25) 
as  developed  in  reference  1. 
These  equations  are  not  used  in  the  arbitrary  heating-rate  computing  pro- 
grams;  for  those  cases  we  use  only  equations (72)  (inverted)  and  (73). 
In  the  calculated  heating-rate  computing  programs,  for  laminar  continuum 
flow,  the  surface  convective  heat  transfer  is  evaluated  as  (refs.  1  and 5):
qoc =  AI+^ [V2 - 0.00836FpTw] 
where A4 is a  constant,  and c6 is a  (generally  small, 0 5 c6 < 0.2) vortic- 
ity  correction. (A4 and c6 are  not  used  with  the  arbitrary  heating-rate  com- 
puting  programs.) For wind-tunnel  tests, A 4  should  be  evaluated  with  a 
calorimeter;  the  value  of A 4  for  earth  entries  is  approximately  1.1.  With  a 
blowing  correction,  we  have 
where I) is  evaluated  in  the  section,  Blowing  Factor. 
For rarefied  conditions,  the  evaluation  of  the  surface  convection  rate  in 
free-molecule  flow  is  needed.  We  use  the  Newtonian  type  approximation  (refs. 
1 and 6) : 
A DV, 
'FM 0.0836 = [V2 - 0 .008365Tw] 
17 
The  accommodation c o e f f i c i e n t ,  Acq, i s  I 1. If unknown, it i s  u s u a l l y  
a s s igned  the  va lue  un i ty  (at o r  n e a r  t h e  s t a g n a t i o n  p o i n t ) .  I n  t h e  t r a n s i t i o n  
regime between free-molecule and continuum flow, we u s e  a r e l a t i o n s h i p  t h a t  
gives  a va lue  o f  convec t ive  hea t  t r ans fe r  t ha t  is bridged between the free- 
molecule  and  the  continuum  evaluations (ref.  1). 
Equation  (65) i s  used  fo r  a l l  regimes; it au tomat i ca l ly  g ives  the  co r rec t  
free-molecule  and  continuum  asymptotes. When the  tumbl ing  cor rec t ion  i s  
app l i ed ,  t he  convec t ive  hea t  t r ans fe r  a t  t h e  f r o n t  s u r f a c e  i s  evaluated as 
qw = qQwKtu 
In  equat ions  (62)  to  (66) ,  a l l  t he  convec t ive  hea t - t r ans fe r  r a t e s  t ha t  
a r e  ac tua l ly  needed  a re  ob ta ined .  However, we c a n  a l s o  c a l c u l a t e  s e v e r a l  
a d d i t i o n a l  r e l a t e d  q u a n t i t i e s .  When t h e r e  i s  no mass t r a n s f e r  (I) = l ) ,  
equat ion (65) s p e c i a l i z e s  t o  
q , = q  00 K t u  
With mass t r a n s f e r ,  we can  def ine a modified $ t h a t   o p e r a t e s  on qoo 
( ins tead  of on qoc as developed  above).  The  modified  blowing  factor i s  
def ined as  ( r e f .  1 )  : 
- q J w  I)=- 
900 
Multiplying  equation  (69b)  by xtu and  using  equations  (66)  and  (68) we have: 
We subs t i t u t e  equa t ions  (63) , (65) , and  (67) i n t o  (69a) t o  o b t a i n  an 
eva lua t ion  of v. 
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l - e  -(E) 
The development  from  equation  (67) t o  (71) is a n  a l t e r n a t e  form  of  convective 
h e a t - t r a n s f e r  a n a l y s i s .  I t  i s  en t i re ly   equiva len t   to   the   p rev ious   deve lopment  
i n   e q u a t i o n s  (65)  and  (66). The new quant i t ies   obtained,   qoo,   qo,   and F, are 
cons ide red  to  be  o f  concep tua l  i n t e re s t .  Both developments are calculated and 
t h e  q u a n t i t i e s  o b t a i n e d  are  read out by the computing programs. 
A n o t h e r  q u a n t i t y  o f  i n t e r e s t  t h a t  i s  ca l cu la t ed  i s  the cold-wall  convec- 
t i v e  h e a t i n g  r a t e ,  qocw ( n o t  i n  r e f .  1). This  has  been  def ined  to  inc lude  the  
o s c i l l a t i o n  c o r r e c t i o n ,  s o  it i s  t h e  h e a t i n g  r a t e  t h a t  would be received by a 
co ld  f ron t  su r f ace  wi th  no mass t r a n s f e r  o c c u r r i n g .  
qocw = - - - -. 
V2 - 0 .  00836FpTw 
For normal  (nonraref ied)  wind-tunnel  condi t ions,  the br idging relat ions 
between the free-molecule and continuum regimes are  not  needed;  a l so  there  i s  
no o s c i l l a t i o n .  We have  then: 
The co ld-wal l  convec t ive  hea t ing  r a t e  i s  given by equa t ion  (72 )  fo r  t h i s  case 
a l s o .  
When t h e  a r b i t r a r y  h e a t i n g  ra te  computing programs a re  used ,  t he  co ld -  
wall convec t ive  hea t ing  ra te ,  qQCw, as a func t ion  of  t ime,  i s  programmed as an 
i n p u t .  The o s c i l l a t i o n  c o r r e c t l o n  and r a r e f a c t i o n  e f f e c t s  are a l r eady  
en te red .  We inver t   equa t ion   (72)   to   so lve   for   qo ,   and  we use   equat ion  (73) 
t o  s o l v e  f o r  t h e  f r o n t - f a c e  c o n v e c t i v e  h e a t i n g  ra te ,  qw. 
Blowing Fac tor  
As n o t e d  i n  t h e  p r e c e d i n g  s e c t i o n ,  f o r  t h e  e v a l u a t i o n  o f  t h e  s u r f a c e  h e a t  
t r a n s f e r  by convection, it i s  n e c e s s a r y  t o  know the  b lowing  f ac to r ,  $. This  
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is  eva lua ted  empi r i ca l ly  in  terms of the blowing parameter ,  B y  which i s  
defined  below. The t o t a l  mass loss rate of material is 
We a l s o  c a l c u l a t e ,  as a q u a n t i t y  o f  i n t e r e s t ,  t h e  t o t a l  mass l o s s  of  material 
( p e r  u n i t  a r e a )  as: 
For  the gaseous material t h a t  c o n t r i b u t e s  t o  h e a t  b l o c k a g e  one should add 
t h e  oxygen t h a t  i s  consumed in  heterogeneous  combustion. The oxygen i n  t h e  
homogeneous combustion i s  not  included because we are us ing  a f lame f ront  
model t h a t  c o n s i d e r s  t h e  homogeneous combustion t o  o c c u r  a t  the outer edge of 
t h e  boundary  layer.  For t he  b lockage -con t r ibu t ing  mass l o s s  r a t e :  
1 Ps ( 0 ,  t> m, = mg(o, t )  + - 
‘kdb [fichcomb ( l  + ‘X) + A3mchero + ‘chsub] pch 
Div i s ion  by  the  f ac to r  Ckdb means t h a t  o n l y  t h e  c a r b o n  i n  t h e  c h a r  c o n t r i b -  
u t e s  t o  b l o c k a g e .  The mater ia l  o ther  than  carbon i s  assumed t o  e i t h e r  melt 
o f f  o r  b e  blown o f f  as a s o l i d .  The cons t an t ,  A 3 ,  a l l ows  the  op t ion  of 
se lec t ing  whether  o r  no t  the  e roded  carbon cont r ibu tes  to  b lockage .  When 
A 3  = 1, the  eroded  carbon i s  included;  when A 3  = 0 ,  the  eroded  carbon i s  not  
included.  The l a t t e r  i s  probably  the  usual   case,   where  eroded  mater ia l  i s  
removed i n  t h e  form o f  s o l i d  p a r t i c l e s .  A 3  = 0.5 has  a l so  been  used  which 
means t h a t  h a l f  t h e  e r o d e d  material i s  assumed to  be  gaseous .  A va lue  of 
A3  > 1 can be used to  represent  removal  of  material by some chemical  react ion 
other than combustion and release of  the  products  in  gaseous  form.  The 
blowing parameter i s  def ined  as 
Ah B = f i c -  (76a) 
qoc 
B =I&- 1 
0 .  00836A4V1 * 
In  going  f rom equat ion  (76a)  to  (76b) ,  the  vor t ic i ty  cor rec t ion  in  
equation  (62) i s  neglec ted .  
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The blowing factor ,  +, i s  approximated as a l i n e a r  f u n c t i o n  o f  B 
( r e f s .  3 ,  4 ,  7)  with a s lope that  depends on the molecular  weight  of  the gas-  
eous  products, % (af ter   heterogeneous  combust ion) .  The value  of  $ is  pre-  
vented  from  going  negative  with  large B by a r b i t r a r i l y  c o n n e c t i n g  a n  
" e x p o n e n t i a l  t a i l "  on t h e  f u n c t i o n  a t  
has  l i t t l e  effect  on t h e  h e a t  t r a n s -  
f e r  s i n c e  $ i s  small ove r   t h i s   po r -  
t i o n  o f  t h e  r a n g e  o f  l a r g e  B 
been  chosen  for $ (as   sugges ted   in  
r e f .  1 ) .  The $ func t ion  i s  i l l u s -  
I -  t h e   a r b i t r a r y   p o i n t , + = 0.16.  This 
\y va lues .  An asymptote  of  0.06  has 
,,6 _"""" 
.06 """" 1""" I t r a t e d  i n  s k e t c h  (d) . The s lope  o f  
0 CY2 8 t h e   l i n e a r   p o r t i o n   o f  t h e  + curve ,  
C + ,  depends on t h e  r e a d - i n  c o n s t a n t ,  
neighborhood  of  1.7  ave  been  used 
f o r  A 5  ( r e f .  7 ) ;  however, t h e  s l o p e  is preferably  evaluated  by  wind-tunnel  
experiment.  The C+ dependence on MP i s  taken  as a negat ive   one- th i rd  
power ( r e f .  7) in   equa t ion   (77a) .  The other  constants  used  depend on C$.  We 
use  : 
Sketch (d) .- Blowing f a c t o r .  A s ,  as well as on . Values i n   t h e  2 
For  t h e  $ func t ion  we use :  
J I = l - C B  $ 
A 5  cq) = - M i '  
c$3 = 
f o r  B 5 C$ 
2 
$ = O.le 8.4-C$3B + 0.06 for B > CJI 
2 
Radiation Energy Rate 
With the  a rb i t ra ry  hea t ing- ra te  programs,  the  incoming rad ia t ion  as  a 
func t ion  of time i s  a programmed inpu t .  For  t h e  c a l c u l a t e d  h e a t i n g - r a t e  p r o -  
grams, t he  gas  cap  r ad ia t ion  in to  the  body is  eva lua ted  wi th  an empir ica l  
approximation as i n  r e f e r e n c e  1 ( s e e  a l s o  r e f .  8) 
where t h e  l e v e l  o f  r a d i a t i o n  and t h e  s u r f a c e  r e f l e c t i v i t y  are i n c l u d e d  i n  E&. 
Typica l  va lues  o f  t he  cons t an t s  u sed  fo r  ea r th  en t r i e s  are: E4 = 0 . 7 6 ~ 1 0 - ~ ;  
E 5  = 0.5; E 6  = 7.0.  
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For both types of  computing programs,  the net  radiat ion into the body i s  
the   d i f fe rence   be tween qR a n d   t h e   r e r a d i a t i o n   o u t .  
For   charred  surfaces ,   values   of  E from 0.75 to  1 .0  have  been  used .  
Homogeneous Combustion Energy Input Rate 
The  model t h a t  we u s e  f o r  homogeneous combustion contains the assumption 
t h a t  t h i s  o x i d a t i o n  o c c u r s  a t  a f lame f ront  loca ted  a t  the  outer  edge  of  the  
boundary  layer. The energy  re leased  by  the  reac t ion  increases  the  en tha lpy  
p o t e n t i a l  and t h i s ,  i n  t u r n ,  i n c r e a s e s  t h e  c o n v e c t i v e  h e a t  t r a n s f e r  t o  t h e  s u r -  
face.  Thus,  only a f rac t ion  of  the  energy  re leased  ac tua l ly  goes  in to  the  
body.  In  the  ca lcu la t ion ,  we make u s e  o f  t h e  mass r a t e  of  a i r  f low pe r  un i t  
a rea   in to   the   boundary   l ayer ,  mair - (pairvair ) e,  as c a l c u l a t e d   i n   e q u a t i o n  
(25) .  We a l s o  u s e  t h e  r a t e  of  expuls ion  of  pyro lys i s  gases ,  ThP = Thg(O, t ) ,  
as eva lua ted   i n   equa t ion  (20b) o r  (21c)   for  y = 0 .  
The energy l iberated by combustion of a u n i t  mass o f  py ro lys i s  gas ,  h 
can be descr ibed as a function of temperature and extent of oxidation whica 
will depend on a number o f  f ac to r s  ( eva lua ted  in  the  ma te r i a l  p rope r t i e s  sub -  
program), o r  it can  be  conveniently  approximated as a r ead - in  cons t an t .  (The 
la t te r  i s  wi th in  the  framework of  the  s imple  flame f r o n t  model assumed.) A 
value  of   about   11,000  cal /g   has   been  used  for   hgc.  I f  t h e r e  i s  a de f i c i ency  
of  oxygen,  the  value  of  hgc must b e  c o r r e c t e d  t o  a n  e f f e c t i v e  v a l u e ,  h,ce, 
which i s  t h e  a c t u a l  e n e r g y  r e l e a s e d  p e r  u n i t  mass of  pyro lys i s  gas .  We Kave 
hgce = hgc when &x > 0 
ex 
hgce = hgc (e) when riox e  = 0 
where ribx and io, are evaluated  in   equat ions  (26)  and (27 ) ,   r e spec t ive ly ,  
t he0  
and iIox i s  evaluated  from  equations  (28)  and  (29b). The ra te  of  energy 
ex 
l i b e r a t i o n  a t  the  f l ame  f ron t  i s  
The inc rease  o f  en tha lpy  po ten t i a l  a t  t h e  edge of the boundary layer i s  t h e  
increment of energy, E f f ,  p e r  u n i t  mass of  external  gas  enter ing the boundary 
layer.   In  km2sec-2,  we have 
0 .00836Eff 
mair 
Av2 = (83) 
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where mair is eva lua ted   i n   equa t ion   (25 ) .  The heat   received  by  the  body 
from t h e  homogeneous combustion i s  in  p ropor t ion  to  the  inc remen t  i n  en tha lpy  
p o t e n t i a l ,  and t h i s  i s :  
- qw+ 
qcg V2 - 0.00836FpTw 
- 
Heterogeneous Combustion and Erosion Energy Rates 
We assume t h a t  a l l  ene rgy  l i be ra t ed  by heterogeneous (solid) combustion 
and erosion (material  removal by other than combustion o r  subl imat ion)  i s  
rece ived  by t h e  body s i n c e  t h e s e  are s u r f a c e  r e a c t i o n s .  We inc lude  both  
e n e r g i e s  i n  a sol id  combust ion term. 
qcs - 'chcomb scomb + mchero sero h  h - 
The ene rg ie s ,  hSGomb  and  hserO, can be made func t ions  of  tempera ture  ( in  the  
ma te r i a l  properties subprogram); o r  they can be assigned constant  values .  The 
combustion energy, hscomb, i s  p e r  u n i t  mass of char consumed,  and t h e  f r a c t i o n  
of  noncombust ib le  mater ia l  in  the  char  must be  cons ide red  in  se l ec t ing  hScomb 
(see  eq .  (43) ) .  ( I f  the  noncombust ib le  mater ia l  melts o f f  w i t h  a hea t  of  
fu s ion ,  hscomb should   be   modi f ied   to   account   for   th i s   energy . )   Values   o f  
hscomb between  1200  and 2500 cal/g  have  been  used. The erosion  energy,  
hserO, i s  normally assigned the value,  zero.  
Sublimation Energy Rate 
The subl imat ion of char  i s  t r e a t e d  a s  a s u r f a c e  r e a c t i o n  which removes 
hea t  from the body.  The heat  of  subl imat ion of  the  char ,  hSub9 can  be  se t  up 
a s  a funct ion of  temperature ,  but  i t  is most convenient ly  read  in  as  a con- 
s t a n t  p o s i t i v e  number. I t  i s  an energy per unit  mass of  char  consumed  and 
w i l l  t h e r e f o r e  depend on the  composi t ion  of  the  char .  One w i l l  normally use a 
heat   of   subl imat ion  for   carbon  reduced  by  dividing  by Ckdb t o  a c c o u n t  f o r  
t h e  f r a c t i o n  o f  c a r b o n  i n  t h e  c h a r .  If t h e  o t h e r  m a t e r i a l  i n  t h e  c h a r  i s  con- 
s i d e r e d  t o  melt with a hea t  o f  fu s ion  when the carbon subl imes,  a co r rec t ion  
f o r  t h i s  s h o u l d  b e  i n c l u d e d  i n  hsUb. A value   o f  hsub = 2700 cal /g   has   been 
used  fo r  some cha r s .  The energy term due t o  s u b l i m a t l o n  t u r n s  o u t  t o  b e  v e r y  
small u n l e s s  t h e  f l i g h t  v e l o c i t y  is ex t r eme ly  l a rge ,  a s  from a p l a n e t a r y  
r e t u r n .  Thus 
qsub = -'chsubhsub 
where qsub i s  pos i t i ve   fo r   ene rgy   pu t   i n to   t he   body .  
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Boundary Conditions 
A boundary condi t ion for  equat ion (1)  i s  needed a t  t h e  f r o n t  s u r f a c e  o f  
t h e  body (y = 0 ) .  Fo r  the  semi - in f in i t e  fo rmula t ion ,  t h i s  is the  on ly  bound- 
a r y  c o n d i t i o n .  F o r  t h e  f i n i t e  d e p t h  f o r m u l a t i o n ,  a back  surface  boundary 
condi t ion  is a l s o  r e q u i r e d .  
The front-face boundary condi t ion is obtained from a surface energy 
ba lance .  
Equation  (87a)  describes a relat ionship  between  (aT/ay) ,   and  the  energy  ra te  
terms on t h e  l e f t  s i d e  o f  t h e  e q u a t i o n .  The eva lua t ions  used  for  the  energy  
terms are l i s t e d  i n  p r e c e d i n g  s e c t i o n s .  The values   of   the   var ious  energy 
terms  depend on external f low conditions and on surface temperature;  some of 
t h e  e v a l u a t i o n s  depend on conditions i n  t h e  i n t e r i o r  o f  t h e  body (including 
p a s t  h i s t o r y ) .  The s t ab i l i t y  o f  equa t ion  (87a )  i s  d i s c u s s e d  i n  t h e  s e c t i o n ,  
Some Fea tu res  o f  t he  Computer Program. 
I n  t h e  f i n i t e  d e p t h  f o r m u l a t i o n ,  t h e  h e a t  s h i e l d  i s  supported by a back- 
ing  material (which may be a composite).  The back  sur face  energy  ba lance  for  
t h e  h e a t - s h i e l d  m a t e r i a l  i s :  
where qBF > 0 means t h a t   h e a t  i s  t r a n s f e r r e d   i n t o   t h e   h e a t   s h i e l d .  For t h e  
backing  mater ia l ,  we also have an equat ion similar t o  ( 8 7 b ) .  The  two sur face  
temperature gradients depend on the  back-face  tempera ture  artd on i n t e r n a l  tem- 
p e r a t u r e s  i n  t h e  h e a t  s h i e l d  and the backing material, and the re fo re  they  
depend on t h e  time his tory of  the problem up to  t ime,  t .  Complicated cases 
can  r equ i r e  i t e r a t ion  to  ob ta in  "nea r ly  exac t "  so lu t ions  fo r  t he  back- face  
t e m p e r a t u r e .   I n   a c t u a l   n u m e r i c a l   c a l c u l a t i o n s ,   i t e r a t i o n  i s  almost  never 
r e q u i r e d   f o r  good approximations.  One simple method i s  t o   u s e  KsBF from t h e  
previous (known) t ime   l i ne .  A polynomial  passed  through  the l as t  s e v e r a l  
po in t s  o f  t he  cu r ren t  (be ing  ca l cu la t ed )  t ime  l ine  g ives  a l i n e a r  r e l a t i o n  
between qBF and TBF. The same procedure  can  be  used f o r  t h e  f r o n t  of t h e  
backing material i f  it i s  solved by f i n i t e  d i f f e r e n c e s .  Thus, two r e l a t i o n s  
between  qBF  and TBF provide  a s o l u t i o n .  
- 
The back-face temperature ,  TBF, and t h e  g r a d i e n t  i n  t h e  h e a t  s h i e l d ,  
(aT/8y)BF,  a re  so lved  for  in  a bacx  surface  subprogram, QBACK. One p a r t i c u -  
l a r ly  s imple  case  (programmed i n  a QBACK) cons iders  the  backing  mater ia l  as a 
h e a t  s i n k  o f  f i n i t e  h e a t  c a p a c i t y  a t  a uniform, t ime-varying temperature,  TBF. 
For t h i s  case 
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where c is the  hea t  capac i ty  pe r  un i t  a r ea  o f  t he  back ing  ma te r i a l .  Th i s  
case  is a lso  so lved  by  us ing  a polynomial t o  r e l a t e  t h e  unknowns, qBE, and T~~~ 
i n  e q u a t i o n  ( 8 7 b ) .  The  second  re la t ionship ,   in   equa t ion   (87c) ,  i s  o t a ined  
by  approximating  (aT/at)BF as a f i n i t e  f o r w a r d  d i f f e r e n c e  q u o t i e n t  u s i n g  t h e  
unknown, TBF. The ad iaba t i c   ca se  i s  obtained  with E' = 0. 
Trajectory Equat ions 
For f l i gh t  ca ses  wi th  ae rodynamica l ly  ca l cu la t ed  hea t ing  r a t e s  we need 
t r a j e c t o r y  e q u a t i o n s  which a re  so lved  s imul taneous ly  wi th  the  o ther  ca lcu la-  
t i o n s .  T r a j e c t o r y  e q u a t i o n s  a r e  n o t  u s e d  f o r  f l i g h t  c a s e s  w i t h  a r b i t r a r y  
h e a t i n g  r a t e s  (programmed as i n p u t s ) .  
The t r a j e c t o r y  e q u a t i o n s  a r e  i n  a t ra jectory subprogram, We use  two- 
d imens iona l  t r a j ec to ry  equa t ions  fo r  en t ry  in  a meridional  plane and al low the 
body  mass to   vary.   Equat ions (88) through  (95)   are   ident ical   in   form  with 
equations  (52)  through  (59)  in  reference 1. (See a l s o   r e f .   9 . )  
v m = d u 2  + v2 
dD  Dv 
d t  "" sh 
" 
We use  a hypersonic approximation that considers the ambient enthalpy as a 
cons t an t .  
v =4- m 
where h, is the  average  ambient   enthalpy  in   cal /g   and E12 h a s   t h e   u n i t s  
km2sec-2. For e a r t h   e n t r i e s ,  0 .5  has  been  used  for E 1 2 .  
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For e a r t h  e n t r i e s ,  we general ly  use an opt ion in  the computing program 
t h a t  p u t s  i n  t h e  ARDC atmosphere.  This i s  actual ly  approximated as an  exponen- 
t i a l  a tmosphere with three successive values  of  the scale he igh t ,  sh ,  which 
au tomat ica l ly  change  wi th  a l t i tude  as programmed.  The o p t i o n  a l s o  sets 
Rpl = 6440 km and gpl = 980 cm/sec2. Another option, f o r  a r b i t r a r y  p l a n e t  
e n t r i e s ,   a c c e p t s   r e a d - i n   v a l u e s   f o r  RP1 and g a r b i t r a r y  scale he igh t s  
( i n i t i a l ,  two intermediate ,  and a f i n a l  v a l u e ) ,  and atmospheric  densi t ies  a t  
which t h e  scale heights change. 
P l  , 
The quan t i ty ,  M/CDA (g/cm2) , i s  needed i n  t h e  t r a j e c t o r y  e q u a t i o n s .  The 
v a r i a t i o n  o f  M/A has  been  r e l a t ed  empi r i ca l ly  to  the  su r face  r eces s ion ,  X ,  
as i n  r e f e r e n c e  1. This  i s  equiva len t  to  assuming a geometry f o r  t h e  
recess ion  shape .  
The v a r i a t i o n  o f  t h e  d r a g  c o e f f i c i e n t ,  C D ,  th rough the  f ree-molecule ,  t rans i -  
t i o n a l ,  and continuum regimes i s  represented  by 
where 
CDFM - CDC 
E q  = ___I 
'DC 
and E 9  depends on body  shape. The f r ee -molecu le   d rag   coe f f i c i en t ,  CDFM, may 
be  g iven  the  va lue ,  2 .  The parameter,  E 1 3 ,  has some dependence  on  body  shape 
(and f l i g h t  c o n d i t i o n s ) ,  b u t  will o f t en  be  a s s igned  the  va lue  ze ro ,  which i s  
t h e   v a l u e   f o r  a s p h e r e   i n  a i r .  Combining equations  (92)  and ( 9 3 )  y i e l d s  
[1 + E18X + c3(e 
CDA 
-1 5 (RD) (1+E13) 1 
In  equat ion (95), CDC i s  g rouped   w i th   t he   i n i t i a l   va lue  of  M/CDcA; t h i s  i n i -  
t i a l  grouped  quantity i s  read into the computing program, The empir ic i sm in  
equat ion  (95)   can  a lso  be  used  to   account   for   any  change  in  CDC with  change 
of body shape. 
(94 )  
I 
Calcu la t ed  Quan t i t i e s  o f  In t e re s t  
The two q u a n t i t i e s  l i s t e d  below are calculated by the computing program 
b e c a u s e  t h e y  a r e  c o n s i d e r e d  t o  b e  o f  i n t e r e s t .  They are not needed i n  any 
o t h e r  c a l c u l a t i o n s .  They are a l s o  l i s t e d  i n  r e fe rence  1. 
Thermal . - - . . - - thickness-We  def ine  thermal   thickness  a
This  quant i ty  i s  meaning€ul only when t h e  wall temperature  gradient  i s  
negat ive .  
S tored  ~ - energy ". comparison - . " - - - .  with  - ." exponent ia l  - - .  " " - .  temperature  -. . " . . - profile-We compare 
each  tempera ture  prof i le  wi th  an  exponent ia l  p rof i le  having  the  same (aT/ay),. 
We de f ine  the  quan t i ty ,  4 ,  as t h e  r a t i o  o f  e n e r g y  s t o r e d  t o  t h e  e n e r g y  s t o r e d  
by the corresponding exponent ia l  prof i le  (with form similar t o  e q u a t i o n  ( 1 2 2 ) ) .  
Both energ ies  are ca l cu la t ed  as constant  property approximations.  
This  quant i ty ,  4 ,  i s  only  meaningful when A > 0 ,  o r  t h e  wall temperature  
gradient ,   (aT/ay)W, i s  negat ive .  
Energy Balance 
As an  ind ica t ion  of the  accuracy  of  so lu t ions  obta ined  by  the  numer ica l  
f i n i t e  d i f f e r e n c e  method used, an energy rate balance i s  made from t h e  s o l u -  
t i o n  a t  hand. The group of  energy r a t e  t e rms  l i s t ed  below are evaluated and 
summed up; t h e  r e s i d u a l  of t h e  sum i s  t h e  e r r o r  i n  t h e  e n e r g y  r a t e  b a l a n c e .  
The magnitudes of the energy rates a r e  a l s o  of i n t e r e s t  s i n c e  t h e s e  show t h e  
d i spos i t i ons  o f  t he  va r ious  ene rg ie s .  
The sum of the  ene rgy  ra te  terms includes qw, qrad' qcg , qcs , and qsub. 
These are eva lua ted   i n   equa t ions  ( 6 6 ) ,  (70), o r  (73d) f o r  qw, (80) , (841, 
( 8 5 ) ,  and (86), respec t ive ly .  These  are the  terms on t h e  l e f t  s i d e  o f  t h e  
f ront - face  boundary  condi t ion  equat ion  (87a) .  The energy ra te  i n t o  t h e  back 
semi- inf in l te  formula t ion .  
surface, qBF> i s  g iven  in  equa t ion  (87b) .  Th i s  term i s  z e r o  f o r  t h e  
We requ i r e  an  eva lua t ion  o f  t he  s to red  ene rgy  in  the  material. For t h e  
enthalpy of t h e  s o l i d  material ( ca l /g ) ,  we have, from equation (13b): 
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For the  en tha lpy  o f  t he  gas  ( ca l /g ) ,  we write 
where  -hSref i s  the   energy   of   format ion  o f  the   gas  a t  0°K. (For a pyroly-  
sis  r e a c t l o n  t h a t  i s  endothermic a t  O O K ,  hSref < 0.) The en tha lpy  pe r  un i t  
a r e a  p e r  u n i t  d e p t h  is then  
- 
hCY Y t )  = Psh, -I. Pghg ( loo> 
where ps and pg a r e   e v a l u a t e d   i n   e q u a t i o n s  (11)  and  (18),   respectively.  The 
s tored energy i s  then  
For  the r a t e  of  increase  of s tored  energy ,  
This  is  eva lua ted  by t h e  computer  program as a f i n i t e  d i f f e r e n c e  q u o t i e n t ,  t h e  
numerator   being  the  difference  between  values  o f  ET f o r  a d j a c e n t  time l i n e s  
and the  denominator  being A t .  With the   f i n i t e   dep th   fo rmula t ion ,  YBF 
sh r inks   w i th   t ime .  With the   s emi - in f in i t e   fo rmula t ion ,  YBF remains  constant ,  
b u t  a c t u a l l y  a n  i n f i n i t e  d e p t h  i s  being represented by a f i n i t e  o n e .  T h i s  
f i n i t e  d e p t h  must b e  s u f f i c i e n t l y  d e e p  t h a t  what i s  c u t  o f f  i s  of no conse- 
quence .  Th i s  r equ i r e s  t ha t ,  t o  w i th in  a desired  degree  of   accuracy:  
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These requirements  a lso must h o l d  i n  t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  ( f i c t i -  
t ious)  back  face .  The above  requi rements  do  not  ho ld  for  the  f in i te  depth  
case .  
The convection energy ra te  o f  s o l i d  and gaseous ablat ive mater ia l  (posi-  
t i v e  o u t ) ,  f o r  t h e  s e m i - i n f i n i t e  f o r m u l a t i o n ,  i s :  
The depth requirements noted above for a semi - in f in i t e  r ep resen ta t ion  in su re  
t h a t  qvcon i s  c o r r e c t l y  e v a l u a t e d  f o r  t h i s  case. 
With the  f in i t e  dep th  fo rmula t ion ,  t he  con t ro l  volume i s  sh r ink ing  and  no 
ma te r i a l  i s  e n t e r i n g  it; t h u s :  
The ene rgy  r a t e  ba l ance  i s :  
where qBF = 0 f o r   t h e   s e m i - i n f i n i t e   f o r m u l a t i o n  and  where qr, i s  t h e  
r e s i d u a l  term i n  t h e  e n e r g y  r a t e  b a l a n c e .  We d e f i n e  ( a r b i t r a r l 5 y )  t h e  e r r o r  
i n  the  ene rgy  r a t e  ba l ance  as 
(105a) 
e = qres  when lqwl 5 1 (105b) 
We a l s o  c a l c u l a t e  a cumulat ive  energy  balance.   This   balance shows t h e  
t o t a l  s i z e  o f  t h e  v a r i o u s  e n e r g y  t e r m s  and the  e r ro r  accumula t ion .  We compute 
t h e  i n t e g r a l s :  








The accumulated residual  i s  
Representa t ions  of  Phys ica l  Proper t ies  
I n  t h e  a n a l y s i s ,  t h e  q u a n t i t i e s ,  pp and  pchJ  the  dens i t ies  of  v i rg in  
p l a s t i c  and pu re  cha r ,  r e spec t ive ly ,  are taken as cons tan t .   Other   p roper t ies  
o f  t h e  v i r g i n  p l a s t i c  and pure char ,  such as spec i f i c  hea t ,  en tha lpy ,  and 
thermal   conduct ivi ty  are  genera l ly   func t ions   o f   t empera ture .  The temperature 
v a r i a t i o n  a p p l i e s  a l s o  t o  t h e  s p e c i f i c  h e a t  a n d  e n t h a l p y  o f  t h e  p y r o l y s i s  g a s .  
The temperature-dependent  propert ies  are  evaluated for  each given mater ia l  in  
a mater ia l  p roper t ies  subprogram for  the  mater ia l .  The p r o p e r t i e s  d a t a ,  
which a r e  i n  t h e  subprogram, may b e  i n  t a b u l a r  o r  equation form. 
Some phys ica l  p rope r t i e s  can  be  desc r ibed  fo r  a number of  materials by 
more o r  less universa l ly  accepted  equat ion  forms (e .g . ,  k ine t ic  reac t ion  
r a t e s ) ,  as g iven  in  the  ana lys i s  above ;  t he  cons t an t s  i n  the  equa t ions  are 
"read-in"   quant i t ies .   These  equat ions are  "bu i l f  i n to"  the  ana lys i s ,  bu t  more 
complex representa t ions  can  genera l ly  be  obta ined  by p resc r ib ing  a v a r i a t i o n  
of  the  cons tan ts  th rough the  use  of  the  material properties subprogram. 
For a g iven  ma te r i a l ,  t he  phys ica l  p rope r t i e s  o f  t he  v i rg in  p l a s t i c  and 
the  pure  char  a re  genera l ly  de te rmined  by s tandard  measurement techniques.  
The thermal  conduct iv i ty  of  the  pure  char  i s  p robab ly  the  most uncertain quan- 
t i t y .  (Some measurements  even  indicate a h y s t e r e s i s  effect  f o r  t h i s  q u a n t i t y ;  
see re f .  10 . )  For  a given material, comparisons  should  be made between  abla- 
t ion calculations and wind-tunnel measurements,  because the "ef_fective" values 
( i n  t h e  wind t u n n e l )  o f  t h e  p h y s i c a l  p r o p e r t i e s ,  p a r t i c u l a r l y  Kch, may be  
- 
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somewhat d i f f e r e n t  from those values determined from direct property measure- 
ments. When t h i s   o c c u r s ,   t h e  i&, i s  u s u a l l y   a d j u s t e d   t o   o b t a i n  good wind- 
tunnel  comparisons,  and the adjusted values  are a l s o  u s e d  f o r  f l i g h t  
c a l c u l a t i o n s .   I n   t h e  material proper t ies   subprograms,   ad jus ted   va lues   o f  
p r o p e r t i e s  are u s u a l l y  p u t  i n .  However, t he  ad jus tmen t  can  o f t en  be  made by 
applying a c o n s t a n t  m u l t i p l i e r  t o  t h e  measured va lues .  Then,  one  would e n t e r  
measured values and use an available (open) read-in constant as a m u l t i p l i e r .  
NUMERICAL ANALYSIS AND COMPUTATION PROCEDURES 
In  the  above  ana lys i s ,  the  energy  equat ion  (1)  wi th  i t s  boundary condi- 
t i ons ,   equa t ion  (87), is  t h e  p r i n c i p a l  e q u a t i o n  s y s t e m  t o  b e  s o l v e d .  Most of 
t h e  o t h e r  e q u a t i o n s  l i s t e d  are used  to  eva lua te  quan t i t i e s  t ha t  appea r  i n  
equation  (1)  and i t s  boundary  conditions,   equation (87) .  Cases o f   i n t e r e s t  
are not  genera l ly  amenable  to  ana ly t ica l  so lu t ions ,  so  numerical methods must 
be   used .   Equat ion   ( l ) ,  a p a r a b o l i c  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n ,  i s  solved 
numerical ly  by f i n i t e  d i f f e r e n c e s  u s i n g  a n  e x p l i c i t  ( f o r w a r d  d i f f e r e n c e )  
scheme. A s  t he  so lu t ion  advances  f rom one  t ime l ine  to  the  next ,  the  f i r s t  
quan t i ty  so lved  fo r  i s  the  f in i t e -d i f f e renced  t empera tu re  a r r ay ,  T(M),from 
which the var ious temperature-dependent  physical  propert ies  are  determined. 
A l s o ,   t h e   q u a n t i t i e s ,  K(M) , t hen  z(M), l e a d i n g   t o  J(M) and  ps(M), a r e   ca l cu -  
la ted  by  means of the  tempera ture  a r ray .  A t  t h i s  p o i n t ,  we a l s o  c a l c u l a t e  t h e  
r a t e  o f  g e n e r a t i o n  and flow of pyrolysis gases,  fi (M) and 6 (M), and t h e  s u r -  
f a c e  r e c e s s i o n  r a t e ,  X .  These   quant i t ies  become new inpu t s   t o   equa t ion   (1 )   i n  
advanc ing  to  the  nex t  t ime  l ine .  
g g 
F in i t e  D i f f e renc ing  
I n  t h e  f i n i t e  d i f f e r e n c i n g  scheme u s e d  t o  s o l v e  e q u a t i o n  ( l ) ,  t h e  p a r t i a l  
der iva t ives  of  the  tempera ture ,  T ,  a re  represented  by  the  fo l lowing  d i f fe rence  
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where M - 1 ,  M y  M + l  a r e  g r i d  p o i n t  num- 
b e r s  on the  depth  (y)  scale,  and N ,  
N + l  are numbers  on t h e  time ( t )  scale 
F i n i t e  d i f f e r e n c i n g  as shown i n   s k e t c h   ( e ) .   F i n i t e   i n c r e -  
s c a l e .  ments are i n d i c a t e d  by t h e  A symbol. 
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S t a b i l i t y  and Accuracy of  the Fini te  Difference Equat ion 
I n  s o l v i n g  a pa rabo l i c  pa r t i a l  d i f f e ren t i a l  equa t ion  by  fo rward  d i f f e r -  
ences,  a s t a b i l i t y  r e q u i r e m e n t  i s  necessary  so  tha t  round-o f f  and o t h e r  e r r o r s  
do not  grow excess ive ly  l a rge .  The f o r w a r d  f i n i t e  d i f f e r e n c e  form  of  equa- 
t i o n  (1) has an approximate  s tab i l i ty  parameter  requi rement  
t h a t  may n o t  b e  s u f f i c i e n t  t o  g u a r a n t e e  s t a b i l i t y  o f  t h e  e n t i r e  c a l c u l a t i o n .  
I f  an  in s t ab i l i t y  deve lops  ( say ,  a t  t h e  f r o n t  f a c e ,  o r  a t  t h e  b a c k  f a c e  f o r  
f i n i t e  d e p t h  c a l c u l a t i o n s ) ,  as a gene ra l  ru l e  one  can  a rb i t r a r i l y  r educe  Z, 
u n t i l  s t a b i l i t y  i s  obtained.   This  is  d i s c u s s e d  f u r t h e r  i n  t h e  n e x t  s e c t i o n .  
The s t a b i l i t y  p a r a m e t e r ,  Z,, i s  p r in t ed  ou t  fo r  each  f in i t e -d i f f e renced  g r id  
p o i n t  a t  each time p r i n t e d  so  t h a t  t h e  s t a b i l i t y  o f  t h e  c a l c u l a t i o n s  c a n  b e  
monitored  continuously.   Usually Z, w i l l  b e   l a r g e s t   w i t h   t h e   s m a l l e s t  Ay 
u s e d   i n   f i n i t e   d i f f e r e n c i n g .   T h i s  i s  Ay2, which i s  shown i n   s k e t c h   ( h )   i n  
appendix C . 
A gross check on the  accuracy  of  numer ica l  so lu t ions  i s  provided by the 
running energy balance and the cumulat ive energy balance descr ibed above.  An 
addi t ional  check,  s tandard in  numerical  work,  can be made by  ad jus t ing  the  
t ime and space increments,  A t  and Ay, and n o t i n g  t h e  e f f e c t  on the numerical  
so lu t ions .  This  check  de termines  the  adequacy  of  represent ing  the  par t ia l  
de r iva t ives  by  d i f f e rence  quo t i en t s  w i th  the  f in i t e  i nc remen t s  as s e l e c t e d .  
Some Fea tures  of  the  Computer  Program 
Damping-Within the  requi rement  of  the  s tab i l i ty  parameter ,  Zx 5 1 / 2 ,  t h e  
o v e r a l l  c a l c u l a t i o n  may s t i l l  not  be s table  mainly because Arrhenius  type 
func t ions  o f  t empera tu re  a re  used  tha t  a r e  qu i t e  vo la t i l e  a t  temperatures  
above a th re sho ld  va lue .  In  gene ra l ,  t he  ca l cu la t ions  become  more s t a b l e  when 
smal le r  Z, va lues  are used.  This  can  be  accomplished  by  making Qt smaller 
o r  Ay l a r g e r .  However, i f  Ay i s  made t o o   l a r g e ,   t h e   s p a c e   d e r i v a t i v e s  are  
poor ly  represented  by t h e  d i f f e r e n c e  q u o t i e n t s  u s e d ,  p a r t i c u l a r i y  a t  t h e  f r o n t  
face   where   the   space   der iva t ive  may b e   q u i t e   l a r g e .  A va lue   o f  Ay t o o   l a r g e  
may then give an excessively high surface temperature  or  require  an exces-  
s i v e l y  low temperature  a t  t h e  a d j a c e n t  f i n i t e - d i f f e r e n c e d  g r i d  p o i n t .  Thus, 
t oo  l a rge  a va lue  o f  Ay can   render   the   f ront - face   boundary   condi t ion  
(eq.   (87a))  unstable.   Reducing  the A t  increment   o   very  small va lues  w i l l  
improve s t a b i l i t y  b u t  will increase computing machine time, which v a r i e s  
i nve r se ly  as A t .  
To avoid excessively small time increments ,  an opt ion is p rov ided  in  the  
computing program tha t  a l lows  damping o f  t he  ca l cu la t ed  changes  in  ce r t a in  
quan t i t i e s .  These  are c a l c u l a t e d  q u a n t i t i e s  t h a t  t e n d  t o  " o v e r s h o o t "  o r  o s c i l -  
l a t e ,  and  damping serves t o  s u p p r e s s  t h e  o s c i l l a t i o n .  The  damping formula 
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used  is: 
X, = X- 1 + d(Xp - X- 1) (112) 
where X is  the  quantity  considered  (modified  by  subscripts);  X-1  represents 
the  corrected  value of X  from  the  previous  time  line, X p  is  the  predicted 
value of  X  for  the  current  time  line  as  obtained  from  the  equations  given  in 
the  analysis,  and X, is  the  corrected  value  of  the  quantity, X. The  symbol, 
d, represents  the  damping  constant  where 0 < d 5 1.  It  is  seen  that  d < 1 
proportionately  reduces  the  change  in  the  quantity, X, from  one  time  line  to 
the  next.  When  d = 1, the  predicted  and  corrected  values of X are  identi- 
cal, and  there  is  no  damping.  When  damping  is  used,  it  overrides o r  modifies 
the  normal  computations.  Damping  is  available  in  the  computing  program  to 
correct  any o r  all  of  the  following  quantities  separately: T, mg(y,  t), 
mchcomb 9 mche O J  mchs b 3 * The  corrected  values  are  calculated  as  the  step 
immediately a&er preglcted  values  are  determined so that  subsequent  calcula- 
tions  (and  determinations of  other  quantities)  use  the  corrected  values. 
Separate  damping  constants  are  read  into  the  computing  program  for  each  of  the 
quantities  listed;  each  damping  constant  can  be  changed  twice  during  a  run. 
The  latter  provision  allows  a  discrete  application of damping  when it is 
needed,  as  for  example,  during  rapid  changes  in  external  conditions  acting on 
an  ablator. 
The  application  of  damping  should  be  minimized (d -f 1) to  that  amount 
necessary  to  smooth  or  reduce  oscillations.  Excessive  damping  can  delay  the 
variation  of  a  calculated  quantity  in  its  approach  to  the  correct  calculated 
value.  The  use  of  damping  requires  some  judgment,  and  may  involve  some  trial 
and  error  and  repeated  calculations.  In  this  connection,  important  criteria 
are  the  residual rate,  qres, and  the  accumulated  residual,  Qres,  in  the  energy 
balances.  The  residuals  should,  obviously,  be  minimized.  In  damping  the T, 
calculation,  another  important  criterion  is  the  change  in (aT/ay),; the  method 
of  using  this  criterion  is  explained  below. 
Front-face  boundary  condition-The  front-face  boundary  condition  equa- 
tion  (87a)  furnishes  a  nonlinear  relationship  between Tw and  (aT/ay)W,  but 
also  involved  in  this  equation  are  the  internal  temperature  distribution  and 
the  extent o f  degradation  of  the  material.  The  terms qw,  qcg, and qcs  are 
affected  by  the  rate  of  expulsion  of  pyrolysis  gases,  and  the  rate  of  gas 
expulsion  depends  on  the  interior  temperature  distribution  and  the  extent  of 
degradation.  The  extent  of  degradation  at  a  time, t, obviously  depends  on  the 
entire  past  history  of  the  problem.  The  energy  rate  terms  on  the  left  side of
equation  (87a)  also  depend  on  external  conditions  which  may  be  changing  with 
time  (as  for  example,  with  an  entry  flight). 1Ye see  that,  in  order  to  solve 
equation  (87a)  for  the  boundary  conditions  at  time, t, we  must  have  solved  the 
entire  problem  up  to  time t. 
Using  a  forward  difference  scheme  to  solve  the  partial  differential  equa- 
tion (l), we  obtain  the  internal  temperatures f o r  the  next  time  line. For the 
front  surface  temperature,  we  seek  a  numerical  solution  to  equation (87a). We 
could  iterate  a  solution  to  equation  (87a)  by  requiring  that Tw and (aT/ay), 
fit  a  polynomial  that  passes  through  several  interior  grid  points.  This 
33 
consumes computing time, because terms on t h e  l e f t  s i d e  o f  e q u a t i o n  (87a) 
depend  on Tw, and  would  have t o  b e  r e c a l c u l a t e d  w i t h  e v e r y  i t e r a t i o n  c y c l e .  
I n  p l a c e  of i t e r a t i o n ,  we use (with l i t t l e  loss of  accuracy)  the fol low- 
i n g  scheme i n  t h e  computing  program. We set  up a two-term Taylor series: 
where t h e  s u b s c r i p t  -1 means from the  previous  time l i n e ,  and 
Equation  (114)  contains  (d/dTw)q&.  The term qcs as eva lua ted   in   equa-  
t i o n  (85),  i nc ludes   t he   hea t   l i be ra t ed   by   e ros ion   ( i f  hsero # 0 ) .  For  equa- 
t ion   (114) ,  qcs i s  modified  and qAS i s  def ined  as :  
- 
q l s  - mchcomb h scomb (115) 
thus  the  e ros ion  te rm i s  n e g l e c t e d  i n  c a l c u l a t i n g  t h e  p r e d i c t e d  s u r f a c e  tem- 
pe ra tu re  , Twp. This  i s  e x a c t   i n   t h e   u s u a l  case when hser0 = 0.  Otherwise,  
it i s  approxlmate,  but  an erosion term in equat ion (114)  should always be 
small. To inc lude  th i s  t e rm would involve  severa l  equat ion  forms to  cor re-  
spond t o  t h e  d i f f e r e n t  e m p i r i c a l  f o r m s  f o r  e v a l u a t i n g  e r o s i o n  i t se l f  
(eq.   (46)) .   Equat ion (113) has   the  form: 
We also  evaluate   (aT/ay)  by means of a cubic   passed  through  the f i r s t  fou r  
( f i n i t e   d i f f e r e n c e )   c a l c u l a t e d   g r i d   p o i n t s   o f  T .  (See  sketch  (h),  
appendix C . )  
wc ' 
+ 3TL2 - "T 3 + "T 1 ] 2 L3 3 L 4  
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The increment,  Ay2, i s  t h e  forwardmost Ay used i n  t h e  f i n i t e  d i f f e r e n c e  
equat ion,  as i n d i c a t e d   i n   s k e t c h   ( h ) .   E q u a t i o n  (117)  has  the  form: 
Combined equations  (116)  and  (118) become: 
C - A + BTw-l 
T =  1119) 
wp B + (11/6Ay2) 
The  computer p r i n t s  Tq as a q u a n t i t y   o f   i n t e r e s t .  I t  is  i n s e r t e d   i n t o  
equat ion (112) to  ob ta in  the  co r rec t ed  su r face  t empera tu re ,  Twc, which i s  t h e  
value used (and a l s o  p r i n t e d  o u t ) .  We ob ta in  a c o r r e c t e d  c a l c u l a t e d  v a l u e  o f  
t h e  f r o n t  s u r f a c e  t e m p e r a t u r e  d e r i v a t i v e  b y  r e w r i t i n g  e q u a t i o n  ( 1 1 7 ) .  
+ 3TL2 - "T 3 + "T 1 ] 2 L3 3 L4 
Once a cor rec ted  va lue  of  sur face  tempera ture ,  TwC, i s  de te rmined  fo r  t he  
new time l i n e ,  t h e  t e r m s  on t h e  l e f t  s ide of  equat ion (87a)  can be evaluated.  
Then,  f rom equat ion (87a) ,  the surface temperature  gradient ,  now l abe led  
(aT/ay),,, t h a t  s a t i s f i e s  t h e  s u r f a c e  e n e r g y  b a l a n c e  can be   eva lua ted .  If t h e  
c a l c u l a t l o n s  would b e  p e r f e c t ,  w e  would have 
(%)wc = ($we 
o r  t h e  two  methods  of ca l cu la t ion  shou ld  y i e ld  the  same answer .  ( I t e r a t ion  
would a c c o m p l i s h  t h i s  t o  a des i r ed  deg ree  of  accuracy.)   For  comparison,  the 
computer pr in ts   bo th   eva lua t ions   o f  (aT/ay),. The closeness   of   the   comparison 
fu rn i shes  a c r i t e r ion  €o r  poss ib l e  ad jus tmen t  o f  t he  t ime  and d i s t ance  spac ing  
and, i f  necessary,  damping i n   t h e  T, c a l c u l a t i o n .  
The eva lua t ion  (aT/ay),, i s  used as (aT/ay)we-l i n  equat ion  (113)   in  
making t h e  c a l c u l a t i o n s  f o r  t h e  n e x t  time l i n e .  With the  procedure  used,  a 
small o s c i l l a t i o n  i s  e x p e c t e d  i n  t h e  v a l u e  o f  Tw abou t  t he  t rue  value, b u t  
t h e   o s c i l l a t i o n  i s  s e l f - c o r r e c t i n g .  For  example, i f  T, i s  too   h igh ,   t he  
energy r a t e  terms on t h e  l e f t  s ide of  equat ion (87a)  w i l l  b e  t o o  small, and 
the  abso lu te  va lue  o f  (aT/ay)we c a l c u l a t e d  from  equation  (87a) will a l s o  b e  
too  small. This  w i l l  r educe   the   va lue   o f  Tw as c a l c u l a t e d   f o r   t h e   n e x t   t i m e  
l i n e ,  s o  t h a t  c o r r e c t i v e  a c t i o n  w i l l  occur from one time l i n e  t o  t h e  next .  
Back boundary  condi t ion- In  the  semi- inf in i te  formula t ion  of  the  problem,  
t h e r e  i s  no  back  boundary  condi t ion .  In  the  numer ica l  so lu t ion  of  
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e q u a t i o n  ( l ) ,  however, we are ac tua l ly  r ep resen t ing  an  in f in i t e  dep th  wi th  a 
f i n i t e  d e p t h  h a v i n g  a f i n i t e  number o f  g r i d  p o i n t s .  The deepes t  po in t  i s  
ass igned  the  tempera ture ,  To, which it h o l d s  f o r  a l l  time. An i n i t i a l  t e m p e r a -  
t u r e  p r o f i l e  must b e  s e l e c t e d  s u c h  t h a t  t h e  g r i d  p o i n t  a d j a c e n t  t o  t h e  d e e p e s t  
po in t   has   the   t empera ture  To t o   w i t h i n  a des i red   accuracy .   Also   there  
should  be  no degradat ion a t  e i t h e r  of t h e s e  p o i n t s  (J = 1). The po in t  ad ja -  
c e n t  t o  t h e  d e e p e s t  p o i n t  i s  watched  during a ca l cu la t ed  run .  I t  should  expe- 
r i ence  e s sen t i a l ly  no  degrada t ion  (J = l) and the temperature should remain a t  
To t o  w i t h i n  some desired  accuracy.  If  t h e s e  cr i ter ia  are not  met, more 
depth i s  needed ( t o  r e p r e s e n t  i n f i n i t y ) .  
I n  t h e  f i n i t e  d e p t h  p r o b l e m ,  we have the back boundary condition, equa- 
t ion   (87b) .   This  i s  s o l v e d   i n  a back  surface  subprogram  for TBF and 
t ion (87g) .  For  t e s i m p l e  f i n i t e  h e a t  s i n k  t y p e  o f  b a c k i n g ,  t h e  c a l c u l a t i o n  
a l s o  makes use of  equat ion (87c) .  
(aT/aY)B Y and qBK i s  a l s o  o b t a i n e d  ( i n  t h e  main  program)  from  equa- 
MF+ I As t h e   f r o n t   s u r f a c e   r e c e d e s  
MF-2  MF- I . e E 
k-1 
with time, t h e  material depth 
coordinate  system is kept  a t  t h e  
f r o n t  face, the spacing between the 
cen t  po in t  i s  a l lowed  to  dec rease .  
(The p r i n t o u t  shows the depth back 
of  the  f ront  face  of  each  gr id  
p o i n t . )  A s  i n d i c a t e d   i n   s k e t c h   ( f ) ,  
t h e  i n i t i a l  a r r a y  c o n s i s t s  o f  MF 
g r id  po in t s  w i th  an  MF+1 p o i n t  t h a t  
co inc ides   w i th   t he  MF po in t  a t  t h e  
material moves forward,   the  MF+l 
p o i n t  moves with i t .  The MF po in t  
lnltlal dec reases .   S ince   t he   o r ig in   o f   t he  
BF back- face   g r id   po in t  and t h e   a j a -  
MF-2   MF- I   MF+  I MF at  h e ,  t . 
BF 
Sketch  (f)  . - Back-face  grid  spacing. back face- As the back face of the 
remains   f ixed   in   space ,  and thus  becomes a v i r t u a l  p o i n t .  The temperature  of 
t h e  v i r t u a l  p o i n t ,  TMF, i s  c a l c u l a t e d  as a l i n e a r  e x t e n s i o n  o f  t h e  p r o f i l e  i n  
the  ma te r i a l .  Th i s  t empera tu re  is used  in  ca l cu la t ing  the  nex t  t ime  l ine  
(because  of  the  convenience  of  us ing  the  uni form spac ing  of  the  v i r tua l  
p o i n t ) .  I t  is p r in t ed  ou t  as a q u a n t i t y  o f  i n t e r e s t ,  n o t  as p a r t  o f  t h e  r e g u -  
l a r  a r r a y  o f  y ,  T, J ,  e t c . ,  a t  t h e  g r i d  p o i n t s .  When t h e   s u r f a c e   r e c e s s i o n ,  
x, exceeds the spacing between gr id  points  a t  the  back  ( in  the  ske tch  the  back  
f ace ,  BF, moves ahead of grid point, MF-l), one node is  dropped a t  the  back .  
Thus, the numerical  values  of  a l l  t h e  g r i d  p o i n t s  shown i n  t h e  s k e t c h  are 
reduced by one, and the calculation procedure i s  t h e  same as be fo re .  
A t  the  back face, it i s  p o s s i b l e  f o r  i n s t a b i l i t y  t o  d e v e l o p  when t h e  s ta-  
b i l i t y   p a r a m e t e r ,  Z, 5 0.5.  If t h i s   o c c u r s ,  Z, should  be made a r b i t r a r i l y  
smaller u n t i l  s t a b i l i t y  i s  obtained.  
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I 
Star t ing  Values  
To s ta r t  t h e  s o l u t i o n  t o  e q u a t i o n  ( 1 )  (which i s  p a r a b o l i c ) ,  it i s  neces- 
s a r y  t o  a s s i g n  i n i t i a l  c o n d i t i o n s .  The p a r t i c u l a r  s e l e c t i o n  o f  i n i t i a l  c o n d i -  
t i o n s  i s  gene ra l ly  no t  c r i t i ca l  as t h e i r  i n f l u e n c e  damps o u t  i n  a s h o r t  time. 
The equa t ions  deve loped  in  th i s  s ec t ion  a re  similar to  those  deve loped  in  
appendix B o f  re ference  1. 
Continuation type program-With a continuation type computing program, 
none of  t he  equa t ions  shown below i n  t h i s  s e c t i o n  a r e  u s e d .  The i n i t i a l  tem- 
p e r a t u r e  p r o f i l e  i s  r ead  in to  the  p rogram (a l so  the  p ro f i l e s  o f  ex ten t  o f  deg- 
radat ion and ra te  o f  gas  expu l s ion ) .  These  a rb i t r a r i l y  r ead - in  p ro f i l e s  are 
g e n e r a l l y  t h e  f i n a l  p r o f i l e s  o f  a c a l c u l a t i o n  t h a t  was i n t e r r u p t e d  and i s  now 
being cont inued.  
Star t ing type programs-With s tar t ing type computing programs,  we assume 
we h a v e  v i r g i n  p l a s t i c  material (J = 1 everywhere). The temperatures   should 
b e  s u f f i c i e n t l y  low t h a t  t h e y  c o u l d  e x i s t  b e f o r e  t h e  o n s e t  o f  a b l a t i o n .  The 
i n i t i a l  t e m p e r a t u r e  p r o f i l e  t h a t  we assume i s  exponent ia l .  
I f  T w i  i s  se l ec t ed   nea r  To, t h i s  p r o f i l e  i s  a small pe r tu rba t ion  on a con- 
s t a n t  To p r o f i l e .  We t a k e   t h e  y de r iva t ive   o f  T i  a t  y = 0 ,  equate it t o  
the  r a t io  o f  t he  hea t  f l ux  ( eq .  (87a ) )  t o  thermal  conduct iv i ty ,  and  so lve  for  
t h e   i n i t i a l   t h e r m a l   t h i c k n e s s ,  A i .  (See  q.   (96).)  
" 
Kpwi  (TWi - "0) 
= ~ (123) qwr i 
where 
i s  t h e  combined i n i t i a l  c o n v e c t i v e  and r a d i a t i v e  h e a t  f l u x .  
Arbi t ra ry  hea t ing- ra te  programs (s ta r t ing  type) -Equat ions  (124) , (123) 
and  (122) a r e  u s e d  i n  t h a t  o r d e r  t o  o b t a i n  t h e  s t a r t i n g  p r o f i l e .  The quant i -  
t i e s ,  qwi and  qradi, i n  e q u a t i o n  (124) are obtained  from programmed inpu t s .  
The i n i t l a l   c o n v e c t i o n  r a t e ,  q w i y  i s  t h e  same as qo obta ined  from  an  inver- 
sion  of  equation  (72) , where qocw i s  a programmed input  and V2 (eq.  (56a) ) 
i s  obtained  from  hst,  which is  a l s o  a programmed i n p u t .  For t h e  i n i t i a l  n e t  
r a d i a t i o n   i n p u t ,   q y a t i ,   r e - r a d i a t i o n  i s  neglected  (eq.   (80))  , and  qradi i s  
equated  to  qR,  whlc i s  a programmed inpu t .  
Calculated heat ing-rate  programs (s tar t ing type)-Equat ions (124) , (123) , 
and  (122) are us.ed i n  t h a t  o r d e r  f o r  t h e  s t a r t i n g  p r o f i l e .  However, as 
descr ibed   under   F l igh t  Cases, one opt ion  a l lows A i  t o  b e  a s s i g n e d  a va lue ,  
i n s t ead  of ob ta in ing  it from equat ion  (123) .  The i n i t i a l  c o n v e c t i v e  and 
r ad ia t ive  hea t  f l uxes  needed  in  equa t ion  (124) are o b t a i n e d  d i f f e r e n t l y  f o r  
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wind-tunnel   and  f l ight  cases, as descr ibed  l a t e r .  Calculating  qwi  and  qradi 
r e q u i r e s  t h e  i n i t i a l  f r e e - s t r e a m  d e n s i t y ,  D i .  For   wind-tunnel   calculat ions,  
D i  w i l l  be known; f o r  f l i g h t ,  D i  c an  be  a s s igned  o r  ca l cu la t ed  as w i l l  be  
des   c r ib  ed . 
A b l a t i o n  i n  a wind tunne l -The  s t a r t i ng  o f  a wind tunnel  i s  considered as 
a sudden  step of a h e a t  f l u x .  We assume t h a t  I) = 1 , so 
and 
We evaluate  qoci  from  equation  (62)  and  qradi  from  equations  (79)  and 
(80) , assuming  negl igible   re-radiat ion  and  using Twi  f o r  Tw. I f  T w i  i s  
small, qwri i s  approximate ly   cons tan t   for  a shor t   per iod   of   t ime  (eq .   (62) ) .  
We approx lma te  th i s  ca se  as the classical  conduct ion problem with constant  
hea t  f l ux  and c o n s t a n t  p r o p e r t i e s  ( r e f s .  1 and l l ) ,  and we c a l c u l a t e  t h e  t i m e  
a t  which t h e  f r o n t  f a c e  a r r i v e s  a t  t h e  assumed temperature ,  T w i .  
We can set  Twi 2 To; t he  g rea t e r  va lue  i s  not  necessary ,  bu t  it g ives  the  
computing program a smooth s t a r t .  
F l i g h t  w i t h  a r b i t r a r y  i n i t i a l  c o n d i t i o n s - I n  s t a r t i n g  f l i g h t  c a l c u l a t i o n s ,  
we can  use  an  as-signed i n i t i a l  v e l o c i t y ,  Vwi, and a f l i gh t -pa th  ang le ,  y i ,  a t  
( a rb i t r a ry )   t ime ,  ti = 0 .  Equ iva len t   t o  a s t a r t i n g  a l t i t u d e ,  t h e  i n i t i a l  
a tmospheric  densi ty ,  D i ,  can be assigned as well as t h e  i n i t i a l  t h e r m a l  t h i c k -  
ness ,  A i .  A v a l u e   f o r  T w i  i s  assumed  and t h e   i n i t i a l   t e m p e r a t u r e   p r o f i l e  i s  
obtained  from  equation  (122).   Using  this  procedure we do n o t   r e q u i r e   t h a t  A i  
b e  cons i s t en t  w i th  the  r e l a t ionsh ip  in  equa t ion  (123) ,  bu t  we s t i l l  c a l c u l a t e  
. ,  
qwi,   qradi,   and  qwri '  
I n i t i a l  c o n d i t i o n s  f o r  e n t r y  f l i g h t - F o r  e n t r y  f l i g h t s  a n  a l t e r n a t i v e  
s t a r t i ng  p rocedure  is descr ibed  in  appendix  B o f  r e fe rence  1. An assigned 
Vwi and y i  and  an  assumed T w i  are u s e d   t o   c a l c u l a t e   t h e   e n t r y   i n t o  an  expo- 
nent ia l   a tmosphere,   Heat ing  during  this   entry raises the   f ront - face   t empera-  
t u r e  from To t o   t h e  assumed T w i .  The convec t ive   hea t ing  r a t e  d u r i n g   t h i s  
i n i t i a l  e n t r y  p h a s e  i s  cons ide red  to  be  a free-molecule  type so  we have: 
~. .  . - . 
and K t u  i n   equa t ion  (61) s p e c i a l i z e s   t o  K .  Thus 
- - I 
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For t h e  i n i t i a l  combined convect ive and radiat ive heat ing ra te ,  equat ion (124) 
i s  wri t ten as 
We eva lua te  qFMi from  equation  (64)  and  qradi  from  equations  (79)  and (80) , 
and neglec t ing  re - rad ia t ion ,  we have  the  hea t lng  ra te  a t  time, ti = 0. 
- 
KAc D i V i  - (Vf - 0.00836F T e )  + X E q R i D i  V i  E 6  
qwri - 0.0836 P w 1  
where we u s e  V i  as an  approximation  for  Vmi. I n   t h e  assumed exponent ia l  
where A l t  r ep resen t s   a l t i t ude .   Dur ing   t he   n t ry   phase  from t = -m t o  
t = ti = 0 ,  the  en tha lpy  poten t ia l  can  be  approximated  as cons t an t ,  and t h e  
hea t ing  r a t e ,  qwr, will increase   xponent ia l ly  as D i nc reases .  We can 
rewr i te   equa t ion  (131) f o r  qwr and s u b s t i t u t e   t h e   v a r i a b l e  D f o r  D i ,  and we 
can  in t eg ra t e  the  equa t ion  from t = -a, t o  t = ti  = 0 f o r  t h e  t o t a l  h e a t  
absorbed. 
, The to t a l   hea t   abso rbed  is  approximated as 
I 
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We  eliminate Qtotal by  combining  equations  (133)  and  (136)  and  we  obtain  an 
equation  of  the  form 
where Ka and Kb are  constants  and  Di  is  the  only  unknown. 
The  procedure  in  starting  an  entry  calculation  is  to  assume   Twi,  and, 
knowing  the  scale  height  far  out  in  the  atmosphere, Shi, calculate  Di  from 
equation (137). Next obtain qwri from equation (131), and Ai from  equa- 
tion  (123);  then  put  Ai  in  the  profile  equation  (122).  The  assumption of 
the Twi determines  the  Di,  or  equivalently,  the  altitude  at  which  to  start 
time  zero.  In  order  to  have a finite  starting  altitude, it is  necessary  to 
select Twi > To. 
Use  of  Programs  in  Various  Approximations 
The  analysis  outlined  above  is  for a  blunt-body  axisymmetric  stagnation 
point.  The  approximate  use  of  the  analysis  in  the  stagnation  region of an 
arbitrary  blunt  body  is  considered  quite  valid.  The  analysis  is  actually  one- 
dimensional,  but  in  the  stagnation  region,  lateral  gradients of such  quanti- 
ties  as  temperature  (and  resulting  heat  transfer)  are  very  small  relative to 
gradients  normal  to  the  surface.  The  heat  loading  for  any  point  for  which 
calculations  are  being  made  must  be  known  or  calculated.  The  use  of  the  anal- 
ysis  for  points  far  fron  the  stagnation  region  is  still  more  approximate,  but 
it is  often  acceptable  when  these  points  have  relatively  small  heat  loadings, 
as is often  the  case. 
In  the  analysis,  the  stagnation  pressure, pt2 or ps2, appears a number  of 
times  in  the  development.  This  should  be  considered  to  be  the  local  external 
pressure, pw, for  off-stagnation  calculations.  This  applies  to  equations (15), 
(24b) , (37) , (39) , (40) , (46a) , (50) , (51) , and  (52).  For a flight  case  with 
calculated  heat  loadings,  the  constant, A ] ,  in  equation  (54)  is  adjusted  to 
give  the  local  external  pressure  pw.  For  the  calculations  of  local  convec- 
tive  and  radiative  heat  loadings,  the  constants  to  be  adjusted  are  Ab, A, 
As, and E 4  in  equations (62), (64) , (77a) , and (79) , respectively.  In  equ8- 
tion (62), if desired,  the  effective  nose  radius, R, may  be  changed  along  with 
A4  by  adjusting  the  constants  in  equation  (60).  For  calculation  of  the  oxygen 
available  for  combustion  off  the  stagnation  point,  the  constant 4 in  equa- 
tion  (24b)  may  be  assigned  values  other  than  unity.  These  same  adjustments 
are  also  made  for  wind-tunnel  cases  with  calculated  loadings,  except  that  the 
local  pressure,  pw,  is  read  in  (FORTRAN  symbol PT2).  For  off-stagnation  calcu- 
lations  with  arbitrary  heating  rates,  the  constants  to  be  adjusted  are 4 ,  AI, 
and  A5  in  equations  (24b),  (54),  and  (77a) , respectively.  For  these  cases, 
equation  (54)  is  inverted  to  yield  the  free-stream  density, D, from  the  pro- 





although  R  may  be  a  fictitious  effective  quantity  for  many  of  these  cases. 
The  program  calculates  and  uses  (but  does  not  print)  A4  from  an  inversion  of 
equation (62) . 
The  stagnation-point  analysis  developed  implies  the  assumption  of  a  lami- 
nar  boundary  layer  with  a  laminar  convective  heat-transfer  rate  and  diffusion 
rate.  An  off-stagnation  point  may  have  a  turbulent  boundary  layer  that  will 
introduce  a  further  approximation  (and  complication)  in  the  analysis  and  com- 
puting  programs.  Equation (62) for qoc is  considered  to  be  a  laminar  stag- 
nation  point  form. A calculated  turbulent  qoc  rate  may be obtained  by 
adjustment  of  A4  (and  possibly R) in  equation (62).  This  rate  should  be 
satisfactory  for  the  constant  conditions  of  a  wind-tunnel  calculation.  For  a 
flight  case  with  calculated  heating  rates,  the  evaluation is more  difficult. 
It may  then  be  necessary  to  program  A4  (and  possibly R) as  functions  of V 
and D in  the  atmosphere  considered,  to  account  for  effects  of  time-varying 
Mach  and  Reynolds  numbers  for  the  point  considered.  (This  could  be  done  in 
the  material  properties  subprogram.)  For  arbitrary  heating-rate  calculations 
the  situation  is  somewhat  better,  as qocw is  known  and qo can  be  obtained 
from  equation (72) .  An  effective R ,  as a  function  of  time,  can  be  programmed 
to be consistent  with  equation (62).  For  both  the  calculated  and  the  arbi- 
trary  heating-rate  types  of  calculations, A5 in  equation  (77a)  should  be 
selected to give a realistic turbulent I/J function. The value of in 
equation  (24b)  should  probably  also  be  adjusted  (or  programmed)  for a 
turbulent  boundary  layer. 
- 
Illustrative  Example 
An  example  is  given  to  illustrate  a  typical  use  of  the  numerical  comput- 
ing  programs.  This  example  is  typical  of  Apollo  flight  conditions. The  fig- 
ures  given  show  the  time  variation  of  some  of  the  quantities  of  interest;  a 
number  of  other  quantities,  not  plotted,  are  also  computed  and  printed  out  by 
the  program.  See  appendix  C  for  the  read  outs  (for  another  case)  from  a 
typical  printing  subprogram. 
This  example  calculation  is  for  a  body  point  in  the  stagnation  region 
near  but  not  at  the  stagnation  point.  This  is  then  an  approximation  in  the 
use  of  the  program.  (Experience  has  indicated  that  this  approximation s 
quite  good.)  The  trajectory  and  heat  loadings  in  the  example  are  assigned. 
Figure 1 shows  the  assigned  trajectory  while  figure 2 gives  the  total 
enthalpy, h,,, and  surface  pressure,  pw.  The  total  enthalpy  was  calculated  by 
combining  equation  (91a)  with  the  inversion of  equation (56) .  The  surface 
pressure,  pw,  was  obtained  by  first  calculating  pt  using  the  hypersonic 
approximation,  equation (54), with A1 = 1.  Then  pt  was  multiplied  by  a 
factor  to  obtain  pw.  The  multiplying  factor  pw/pt2  was  obtained  from  the 
NASA  Manned  Spacecraft  Center  in  a  private  communication.  It  had  been  deter- 
mined  from  wind-tunnel  tests  of  the  model  configuration  at  various  angles  of 
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Figure 1 .- Trajectory for illustrative example. 
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Figure 2.- Total  enthalpy,  hst, and surface pressure, 
pw, at a near-stagnation body point. 
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Figure 3.- Cold-wall convective, qocw? and radiative, 
qR, heat loadings at  a near-stagnation body  point. 
Figure 3 shows the  a s s igned  
cold-wal l  convect ive and the radia-  
t i v e  hea t  loadings  as func t ions  of  
time f o r   t h e  body po in t  be ing  ca l -  
culated.   These  loadings  obtained 
from t h e  p r i v a t e  communication 
noted above had been evaluated by 
us ing  the  equiva len ts  of  equa-  
t i ons   (62 ) ,  (72) , and (79).  The 
h e a t i n g - r a t e  d i s t r i b u t i o n s  o v e r  
t h e  s u r f a c e  were mainly based on 
wind- tunne l  t e s t s  o f  t he  model a t  
a n g l e s  o f  a t t a c k .  
The ca l cu la t ed  hea t - sh i e ld  
response  to  the  ass igned  loadings  
i s  i l l u s t r a t e d  i n  f i g u r e s  4 
through  7 .   In   f igure  4, t y p i c a l  
c a l c u l a t e d  r e s u l t s  show t h e  v a r i a -  
t i o n  w i t h  time of  sur face  reces-  
s i o n ,  X ,  and t h e  sum of  su r face  
r eces s ion  and depths of degrada- 
t i o n  o f  m a t e r i a l  ( t o  90 percent  
degraded, J = 0.10,  and also fur-  
t h e r  back to  only  10-percent  
degraded, J = 0 . 9 0 ) .   I n   t h e   l a t -  
t e r  s t a g e s  o f  t h e  f l i g h t ,  t h e  h e a t  
loading   has   decreased   ( f ig .  3 )  and 
t h e  s u r f a c e  r e c e s s i o n  h a s  v i r t u -  
a l ly  ended ,  bu t  i n t e r io r  deg rada -  
t i on  o f  ma te r i a l  con t inues  a t  a 
s low rate  because of  the s low f a l l -  
i n g  o f f  o f  t h e  i n t e r n a l  
temperature .  
Figure 5 shows t h e  r a t e  o f  
mass l o s s  d u e  t o  p y r o l y s i s ,  mgw, 
and t h a t  due t o  s u r f a c e  r e c e s s l o n ,  
'surface - 'chcomb+mchero'mchsub * 
Most , o f  t h e  m a t e r i a l  l o s t  i n  t h i s  
f l i g h t  i s  due t o   p y r o l y s i s .  The 
loss  propor t ion  be tween pyro lys i s  
and s u r f a c e  l o s s  i s  p a r t l y  d e t e r -  
mined by t h e  p r o p e r t i e s  o f  t h e  
m a t e r i a l ;  i n  p a r t i c u l a r ,  it i s  
known tha t  wi th  degrada t ion  some 
mater ia ls  produce more char  than 
o t h e r  a b l a t i n g  m a t e r i a l s .  
- 
Figure 6 shows the  ca l cu la t ed  
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Figure 4.- Calculated heat-shield response; surface 
recession and depth of degradation. 
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Figure 5.- Calculated heat-shield response; 
mass loss rates. 
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Figure 6.- Calculated heat-shield temperatures. 
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Figure 7.- Calculated energy  rate dispositions. 
s u r f a c e  and a t  s e v e r a l  f i x e d  p o i n t s  i n  t h e  i n t e r i o r  o f  t h e  m a t e r i a l .  T h e r e  i s  
a t ime lag  of  tempera ture  r ise wi th  dep th  in  the  ma te r i a l ,  as would be 
expec ted .   Dur ing   t he   l a t t e r   s t ages   o f   t he   f l i gh t ,   t he   su r f ace  i s  a c t u a l l y  
undergoing cool ing,  and the highest  temperatures  are t h e n  i n  t h e  i n t e r i o r .  
The cu rve  fo r  a depth of  0 .25  cm ends when su r face  r eces s ion  r eaches  tha t  
depth.   For  any  given  t ime,  one  can  use  f igure 4 t o  d e t e r m i n e  t h e  s t a t e  o f  
degradat ion a t  each  o f  t he  f ixed  dep ths  fo r  which temperatures are p l o t t e d  i n  
f i g u r e  6 .  
Figure 7 shows t y p i c a l  e n e r g y - r a t e  d i s p o s i t i o n s  f o r  t h r e e  s e l e c t e d  t i m e s  
i n  t h e  f l i g h t .  A t  50 seconds ,   the   loading  i s  moderate  (and  increasing),  as i n  
f i g u r e  3 .  Most of   the   energy   loading  i s  accounted  for   by  blockage.   Pyrolysis  
i s  occur r ing  ( f ig .  5 ) ,  but   the   sur face   t empera ture  i s  s t i l l  low ( f i g .  6 ) ,  so 
t h e r e  is r e l a t i v e l y  l i t t l e  r a d i a t i o n .  A t  100  seconds,   the  loading is  n e a r  t h e  
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maximum ( f ig .  3 ) ,  and  most  of the  energy  i s  accounted  for  by  re - rad ia t ion  
because   the   sur face   t empera ture  i s  h igh   ( f ig .  6 ) .  Blockage  accounts  for  about 
one- th i rd  of  the  energy  input  a r e l a t i v e  d e c r e a s e  from t h a t  a t  50 seconds.  
In  energy  uni t s ,  cal cm-2sec-i, however, t h i s  b l o c k a g e  i s  about 50 percent  
h ighe r  t han  tha t  a t  50 seconds ;  the  pyro lys i s  ra te  i s  g r e a t e r  ( f i g .  5 ) ,  and 
t h e r e  i s  more convec t ive  hea t  loading  to  be  b locked .  A t  500 seconds  the  re la-  
t i v e  e n e r g y  d i s p o s i t i o n s  a r e  o n l y  s l i g h t l y  s h i f t e d  from the  p ropor t ions  a t  100 
seconds. The  main effect  he re  i s  tha t  t he  load ing  has  become small ( f i g .  3 ) .  
The pyro lys i s  ra te  i s  low ( f i g .  5 ) ,  so that  the blocked energy magnitude i s  
small, and t h e  r e - r a d i a t i o n  i s  a l s o  small because of  the low su r face  
tempera ture   ( f ig .  6 ) .  
An approximate measure of  the ablator  eff ic iency i s  the  sma l lnes s  o f  t he  
absorbed energy term as t h i s  i s  the  on ly  ene rgy  tha t  ac tua l ly  ge t s  i n to  the  
ab la tor .  This  energy  i s  main ly  accounted  for  by  the  pyro lys i s ,  hea t ing  up ,  
and loss  of  gaseous mater ia l ,  and t o  a lesser extent  by the heat ing up and 
l o s s  o f  s o l i d  material from t h e  s u r f a c e .  A very  small amount of  the  energy  
absorbed i s  a l so  accounted  for  by  s torage  of  sens ib le  hea t  in  the  ab la tor .  
(Over t h e  e n t i r e  f l i g h t  t h e  t o t a l  sum o f  t h i s  e n e r g y  becomes a lmos t  neg l ig ib l e  
because of  the cool ing a t  t h e  end o f  t h e  f l i g h t . )  
A sublimation energy term was ( r o u t i n e l y )  c a l c u l a t e d ,  b u t  it i s  n e g l i g i -  
b l e  f o r  t h i s  f l i g h t  b e c a u s e  o f  t h e  r a n g e  o f  s u r f a c e  t e m p e r a t u r e s .  S u b l i m a t i o n  
with a charring ablator can be important,  and even dominant,  f o r  higher  speed 
f l i g h t s  s u c h  as from plane tary  re turns .  Subl imat ion  involves  a loss of   char-  
r i n g  material a t  the  sur face  wi th  the  removal  of  energy  a t  t h e  s u r f a c e .  
DISCUSSION AND CONCLUSIONS 
A general  method has  been  presented  for  de te rmining  the  response  in  the  
s t agna t ion  r eg ion  o f  t he  cha r r ing  ab la to r  t ype  o f  hea t  sh i e ld .  The a n a l y s i s  
given is  actual ly  for  an axisymmetr ic  blunt-body s tagnat ion point ,  but  calcu-  
l a t ions  ob ta ined  from the  ana lys i s  form a good approximat ion  for  the  s tagna-  
t i on  r eg ion  o f  any  a rb i t r a ry  b lun t  body when the  hea t  loading  can  be  eva lua ted  
f o r  t h e  p o i n t  a t  which t h e  c a l c u l a t i o n s  are made. An even more approximate 
use  of  the  ca lcu la t ions  can  be  made f o r  body p o i n t s  far from t h e  s t a g n a t i o n  
reg ion .  This  i s  considered acceptable  when t h e s e  p o i n t s  h a v e  r e l a t i v e l y  low 
loadings.  The ca lcu la t ions  can  be  per formed for  a va r i e ty  o f  cond i t ions ,  such  
as for  wind-tunnel  tests o r  f l i gh t  ca ses ;  t he  hea t  l oad ings  can  be  ca l cu la t ed  
by the computing programs, o r  t he  load ings  can  be  a rb i t r a r i l y  a s s igned  as func- 
t ions  of  t ime.  Proper t ies  of t h e  h e a t - s h i e l d  m a t e r i a l  c a n  b e  a r b i t r a r i l y  
ass igned.  
The important use of the analysis and the associated computing programs i s  
t o  c a l c u l a t e  t h e  p e r f o r m a n c e  o f  h e a t  s h i e l d s  f o r  f l i g h t .  For any given heat-  
sh i e ld  ma te r i a l ,  it is h ighly  des i rab le  to  have  compar isons  of  ca lcu la ted  hea t -  
shield performance with results from a range of experimental  tes ts  i n  wind 
tunne l s .  Comparisons  with  experiment  are  important,   because  the  effective 
physical and thermodynamic properties of a material t h a t  i s  being used as a 
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cha r r ing  ab la to r  may not  be completely known. When these comparisons are 
good, one can have confidence that the properties of the heat-shield material  
are be ing  adequa te ly  r ep resen ted  in  the  ca l cu la t ions ,  and p r e d i c t i o n s  o f  h e a t -  
s h i e l d  p e r f o r m a n c e  f o r  f l i g h t  c a s e s  s h o u l d  b e  s a t i s f a c t o r y .  
Since heat  shields  have a f i n i t e  d e p t h ,  t h e  most r igorous  method of  cal-  
c u l a t i o n  i s  t h e  f i n i t e  d e p t h  f o r m u l a t i o n  w i t h  an appropriate back boundary 
condi t ion .  The semi - in f in i t e   t ype   o f   ca l cu la t ion  is faster  and  simpler.  I t  
is  v i r t u a l l y  as accura t e  if t h e r e  i s  a s a f e t y  f a c t o r  o f  s u f f i c i e n t  material 
such  tha t  t he re  i s  v i r g i n  p l a s t i c  r e m a i n i n g  a t  t h e  c o n c l u s i o n  o f  t h e  f l i g h t  o r  
t es t .  This  is  t h e  case because the events  of  importance occur  near  the front  
su r f ace  where temperatures can be an order of magnitude higher than a t  t h e  
back. One can  gene ra l ly  say  tha t ,  i f  it i s  n e c e s s a r y  t o  u s e  a f i n i t e  d e p t h  
c a l c u l a t i o n  t o  r e p r e s e n t  t h e  p h y s i c a l  s i t u a t i o n ,  t h e  i n i t i a l  d e p t h  o r  i n i t i a l  
amount of  hea t -sh ie ld  material i s  probably marginal .  
Numer ica l  ca lcu la t ions  a re  car r ied  out  by  means of a family of computing 
programs. The select ion of  programs and the opt ions within the programs are  
descr ibed  in  appendix  C .  This  appendix  g ives  de ta i led  ins t ruc t ions  in  the  use  
of  the  programs, and it conta ins  a sample  case  fo r  i l l u s t r a t ion .  The  programs 
can be obtained from COSMIC, University of Georgia,  Athens,  Georgia,  30601. 
Ames Research Center 
National Aeronautics and Space Administration 
Moffet t   Field,  Ca l i f . ,  94035, June 2 2 ,  1970 
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APPENDIX  A 
PRINCIPAL  NOMENCLATURE 
In  performing  computer  calculations,  some  purely  FORTRAN  quantities  are 
used  in  the  input  data  which  have  no  counterpart  among  the  symbols  listed 
below.  These  quantities  are in appendix C, wherein  all  FORTRAN  quantities  are 
listed  and  identified. 
frontal  area  of  vehicle,  cm2 
free-molecule  accommodation  coefficients  for  heat  transfer  and 
sublimation  mass  loss,  respectively,  dimensionless 
constant  defined  by  equation  (54) 
constant  defined  by  equation  (75) 
constant  defined  by  equation (62) 
constant  defined  by  equation  (77a) 
blowing  parameter  defined  by  equation (76a),  dimensionless 
specific  heat of char,  virgin  plastic,  solid  material  (virgin 
plastic  to  char),  respectively,  cal/g O K  (see  eq.  (13)) 
specific  heat  of  pyrolysis  gas  at  constant  pressure,  cal/g O K  
heat  capacity  per  unit  area  of  backing  material,  cal/cm2 O K  
(eq.  (87c) 1 
average  specific  heat,  external  gas,  cal/g O K ;  defined  by 
equation (5  7a) 
drag  coefficient,  dimensionless;  drag  coefficient,  continuum; 
drag  coefficient,  free  molecule 
Arrhenius  activation  temperature  for  surface  combustion, O K  
(eq. ( 3 5 ) )  
modification  factor  for  thermal  conductivity  in  pyrolysis  zone, 
dimensionless  (eq. (14)) 
reciprocal  of  mass  ratio  of  carbon/char,  dimensionless 
(eq. (43) 1 
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mass  fraction  of  oxygen  (dimensionless)  at  outer  edge  of 
boundary  layer  after  depletion  by  homogeneous  combustion 
(eq. (30)) 
mass  fraction  of  oxygen  (dimensionless)  at  the  wall  (eqs. (31)- 
(33) Y (36) - (41) 1 
stoichiometric  ratio  of  oxygen  to  carbon  (by  weight)  in  the  sur- 
face  combustion  reaction,  dimensionless  (eqs. (43)-(45)) 
constants  defined  in  equation (77) 
constants  in  nose  radius  (eq. (60)) 
constants  in M/A (eqs.  (92) , (95)) 
constant  vorticity  correction  in  equation (62) 
damping  coefficient  (general),  dimensionless (eq. (112)) 
free-stream  density,  g/m3 
error  in  energy  rate  balance,  defined  by  equation  (105) 
stoichiometric  ratio (by  weight)  of  oxygen/pyrolysis  gas  for  the 
homogeneous  combustion  reaction  assumed,  dimensionless 
(eq. (27)) 
constant  in  average  specific  heat  of  external  gas  (eq. (57b)) 
constants  in  gas-cap  radiation (eq. (79)) 
constant  to  account  for  shift of sublimation  equilibrium 
(eq. ( 5 0 ) )  
constant  in  vapor  pressure  (eq. (49)) 
constant  defined  by  equation (94) 
constant  in  average  specific  heat  of  external  gas (eq. (57b)) 
average  ambient  enthalpy,  km2/sec2  (eq. (91)) 
constant  depending on body  shape  and  flight  conditions  in  the 
drag  calculation  (eqs.  (93) , (95)) 
constant  used  in  tumbling  correction  (eq. (61)) 
constant  in  nose  radius  (eq. (60)) 
47 
El 8 
E l  9 










c o n s t a n t   i n  M/A (eqs.  (92) , (95)) 
cons t an t  i n  vapor  p re s su re  ( eq .  (49 ) )  
r a t e  o f  ene rgy  l i be ra t ion  a t  flame f r o n t  from homogeneous combustion, 
cal/cm2sec (eq.  (82)) 
dimensionless stream func t ion  a t  outer edge of  boundary layer and a t  
wall ,  respect ively  (see  appendix B y  eqs.   (Bl)-(B7))  
g r a v i t a t i o n a l  a c c e l e r a t i o n  of planet,   cm/sec2  (eq.   (89b)) 
en tha lpy ,   ca l /g  
enthalpy of  pyro lys i s   gas ,   ca l /g   (eq .   (99) )  
energy l iberated by combustion o f  a u n i t  mass o f  py ro lys i s  gas ,  ca l /g  
effect ive energy of  combust ion per  uni t  mass o f  py ro lys i s  gas ,  ca l /g  
(def ined by eq.  (81)) 
en tha lpy  o f  so l id  ma te r i a l ,  ca l /g  ( eq .  (98 ) )  
energy l iberated by combustion o f  a u n i t  mass o f  cha r ,  ca l /g  
(eq.  (85)) 
energy l iberated by removal of a u n i t  mass of  char  by means o the r  t han  
combustion o r  subl imat ion   (ca l led   e ros ion) ,   ca l /g   (eq .  (85)) 
energy  re leased  by  pyro lys i s  reac t ion  per  un i t  mass of  gas produced, 
ca l /g ;  nega t ive  fo r  endo the rmic  r eac t ions ;  u sed  in  equa t ion  (1 ) ;  
gene ra l ly  a funct ion of  temperature ,  and can be approximated as 
hsr = (Pphp - Pchhch)/(Pg - Pch) - hg;  can  also  be  approximated as 
a cons t an t ;   s ee  hSref  below 
a cons t an t ;  same as hsr i f  hsr i s  approximated as cons t an t ;   a l so  
u s e d   t o   e v a l u a t e  hg (eq.   (99)) ;  when h s r  i s  made temperature  
dependent as in   equa t ion   (99 ) ,  h3,,f i s  a r e fe rence  hsr a t  a 
re ference  tempera ture  (usua l ly  0 K ) ;  FORTRAN symbol, HSREF; c a l / g  
s tagnat ion   en tha lpy ,   ca l /g  
energy absorbed by removal of a u n i t  mass of char by sublimation 
(pos i t i ve   va lue ) ,   c a l /g   ( eq .  (86)) 
f ree-s t ream entha lpy ,  ca l /g  
en tha lpy  o f  i n t e r io r  material, s o l i d  and  gaseous ,  per  un i t  a rea  per  


















stored  energy  (enthalpy) of  interior  material,  solid  and 
gaseous , per  unit  area,  cal/cm2  (eq. (101)) 
order  of  surface  combustion  reaction,  dimensionless 
(eq. (36 ) )  
measure  of  degradation  defined  by  equation (7 ) ,  dimension- 
less; J = 1 represents  virgin  plastic; J = 0 represents 
pure  char 
Arrhenius  rate  for  pyrolysis  reactGon;  defined  in 
equations (4), (5) 
oxygen  diffusion  rate  constant;  defined  in  equation (32) 
Arrhenius  reaction  rate  of  oxygen  consumption  in  surface 
combustion;  defined  by  equation (35) 
Arrhenius  frequency  factor  (constant)  in KO, (eq. ( 3 5 ) )  
defined  by  equation (40) 
constant,  read  in  (CK1);  defined  by  equation  (38)  (see  also 
eqs.  (39) J (40)) 
constant,  read  in  (CK2);  modifies  char  erosion  rate, 
dimensionless  (see eq. (46) and  following  discussion) 
fractional  time  that  calculated  point  is  initially  exposed 
to  approximately  stagnation  conditions,  dimensionless; 
for  tumbling  correction,  equation (61) 
heat-transfer  tumbling  correction,  dimensionless (eq. (61)) 
same  as  K,  but  for  the  preceding  time  line  and  spaced 
according  to  the 7- 1 array  (used  in  eq. (12)) 
coefficient  of  thermal  conductivity  of  char,  virgin  plastic, 
solid  material  (virgin  plastic  to  char),  respectively, 
cal/cm  sec "K (eq. (14)) 
Lewis  number,  dimensionless 
lift/drag  ratio,  dimensionless 
exponent  in  erosion  rate  calculation,  dimensionless 
(eq. (46) 1 
rate  of  mass  loss  that  contributes  to  convective  heat 
blockage,  g/cm2sec  (eq. (75)) ;  ( 2  0 )  
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mchcomb ymchcomb 
d  max 
'ch c omb g/cm2sec (eqs. (43) , (44) , (45)) ; (> 0) 
rate of char loss by  combustion,  maximum  rate  by  oxygen 
diffusion,  maximum  chemical  reaction rate, respectively; 
r max 
mchero 















rate  of char  loss by means  other  than  combustion r sublima- 
tion  (called  erosion) , g/cm2sec  (eq. (46)); (2  0 )  
rate of char loss  by  sublimation,  free-molecule rate, 
diffusion  rate,  respectively;  g/cm2sec  (eqs. (53),  (48) , 
(52)); (1. 0) 
rate  of  flow  of  pyrolysis  gas  past  a  point  in  the  material, 
g/cm2sec  (eqs.  (20b) , (21c)) (2 0) 
m at  the  surface  (pyrolysis  gas  expelled) , g/cm2sec g 
'chcomb + mchero +Iil chsub 
total  mass  loss  rate of material , g/cm2sec  (eqs.  (74ayb)) 
g/cm2sec 
mass of vehicle, g; also  grid  point  number  in  finite 
difference  computation 
molecular  weight of char  sublimation  vapor,  g/mole 
(eqs - (47) 9 (48) , (52)) 
molecular  weight  of  pyrolysis  gas,  g/mole  (eq. (15)) 
molecular  weight of gaseous  products  after  heterogeneous 
combustion,  g/mole  (eq. (77a)) 
total  mass l o s s  o f  material , g/cm2 (eq.  (74~)) 
order of pyrolysis  reaction,  dimensionless  (eq. (4)) 
pressure,  dynes/cm2  or  atm,  as  specified 
external  pressure,  dynes/cm2  (eq, (15)) 
pressure  downstream of normal  shock,  atm 
equilibrium  vapor  pressure of char  sublimation  vapor,  atm 
(eq. (49)) 
modified  equilibrium  vapor  pressure of char  sublimation 
vapor,  atm  (eq. (50)) 
external  pressure,  atm 
BI 1 1 1  I I1 I 1  1 . 1 1 1 m . 1 1 1 1 1 1 1 1 1  I1 111 I 11.1.1111m.1111.11 
P r a t i o  of pressure   o f   ex te rna l   gas   to  modi f ied   equi l ibr ium  vapor  
pressure  of  char  subl imat ion  vapor ,  d i~nens ionless  (eq .  (51) )  
Por poros i ty   o f   char ,   d imens ionless   (eq .   (17c) )  
9 h e a t - t r a n s f e r  ra te ,  cal/cm2sec; a l l  su r f ace   hea t - t r ans fe r   t e rms  are 
p o s i t i v e  i n t o  t h e  material 
The fol lowing are f r o n t  s u r f a c e  c o n v e c t i v e  h e a t - t r a n s f e r  ra tes ,  cal/cm2sec: 
~ F M  free-molecule r a t e  (eq.   (64)) 
qocw cold wall ra te  (eq.   (72)) 
qoc  continuum r a t e   w i t h  no blowing  (eq.  (62)) 
900 no  blowing r a t e ,  bridged  between qFM and  qoc (eq.   (67)) 
90 900 correceed  for  tumbling o r  o s c i l l a t i o n   ( e q .   ( 6 8 ) )  
%C continuum ra te  wi th  b lowing  (eq .  (63) )  
q w  
qW qQw cor rec t ed  f o r  tunbl ing  o r  o s c i l l a t i o n   ( e q s .  ( 6 6 ) ,  (70 ) )  
with  blowing,  bridged  between qFM and  q+c  (eqs.   (65),   (69b)) 
The fo l lowing  a re  su r face  hea t - t r ans fe r  r a t e s  (o the r  t han  f ron t  su r f ace  
convect ive) ,   cal /cm2sec:  
q~ F h e a t - t r a n s f e r  r a t e  i n t o  back surface (usual ly  by conduction) 
(eq.  (87b) 1 
qcg f r o n t  s u r f a c e  h e a t - t r a n s f e r  r a t e  due t o  homogeneous  combustion 
(eq.  (84)) 
qcs f r o n t  s u r f a c e  h e a t - t r a n s f e r  r a t e  from heterogeneous combustion and 
eros ion   (eq .  (85)) 
qR gas  cap  r ad ia t ion  r a t e  i n to  f ron t  su r f ace  ( eq .  (79 ) )  
n e t  r a d i a t i v e  h e a t i n g  r a t e  i n t o  f r o n t  s u r f a c e  ( e q .  (80))  ‘rad 
4s ub h e a t i n g   r a t e   i n t o   f r o n t   s u r f a c e   d u e   t o   s u b l i m a t i o n   ( e q .   ( 8 6 ) )  
qwri  combined i n i t i a l   c o n v e c t i v e  and r a d i a t i v e   h e a t i n g  ra te  i n t o   f r o n t  
sur face   (eq .  (124) )  
The following energy ra te  terms are no t  surface h e a t - t r a n s f e r  rates. They 
appea r  i n  the  ene rgy  ra te  balance equat ion (104) ,  a long with the appropriate  
s u r f a c e  h e a t - t r a n s f e r  ra te  terms; cal/cm2sec. 
'kes r e s i d u a l  i n  energy r a t e  balance  (eq.   (104)) 
9s t o r  r a t e  of i n c r e a s e  o f  s t o r e d  e n e r g y  i n  t h e  material (eq. (102)) 
%con convective energy r a t e  of  so l id  and  gaseous  mater ia l ,  
p o s i t i v e  o u t  of c o n t r o l  volume; it i s  the  energy  taken  in  
t o  h e a t  u p  and degrade the material (eq. (103)) 
The fo l lowing   energy   te rms   a re   t ime  in tegra ls   o f   the   cor responding  q va lues ;  
they appear  in  the cumulat ive energy balance equat ion (107) .  
Qstor 'Qvcon 
Qres residual   in   cumulat ive  energy  balance,   cal /cm2  (eq.   (107))  
R e f f ec t ive  nose  r ad ius ,  cm (may b e  f i c t i t i o u s  f o r  o f f -  
s tagnat ion  approximate  ca lcu la t ions)  
Ra ir gas  cons tan t  for  ex terna l  (ambient )  gas ,  atm cm3/g O K  
(used only in  eqs .  (37)  , (38)) 
universal   gas   constant ,   ergs/mole O K  
$1 
p lane t   r ad ius ,  km (eq.  (89))  
sh atmosphere  scale   ight  , km (eq. (90) )  
'hi i n i t i a l   s c a l e   h e i g h t   f o r   e n t r y   i n t o   a na b i t r a r y   t m o s p h e r e ,  
km (eq.  (133)  and conta ined   in   eq .   (137))  
sP 
t 
success ive  sca l e  he igh t s  i n  an  a rb i t r a ry  a tmosphe re ,  km: 
f requency  fac tor  f o r  A r r h e n i u s  r a t e  c o n s t a n t ,  K ,  f o r  
pyro lys i s   reac t ion   (eq .  (5))  
t ime,   sec  
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t0f f time, t ,  a t  which ex terna l  loading  i s  s e t  t o  z e r o  i n  computing 
programs;  shut  off  time for  wind- tunnel  cases  wi th  ca lcu-  
l a t e d  l o a d i n g s ;  f o r  f l i g h t  cases o r  a r b i t r a r i l y  programmed 
loadings,  should be made l a r g e r  t h a n  any time considered,  
s ec 
T temperature ,  O K  
-TO i n i t i a l   t e m p e r a t u r e   d e e p   i n material, O K  (eq.  (122)) 
T r e f  
TW 
reference  tempera ture ,  O K ;  may b e  u s e d  i n  material p r o p e r t i e s  
subprograms;  generally  zero 
wall ( f ront   face)   t empera ture ,  O K  
Twc 
TWP 
cor rec t ed  wall temperature., O K  ( see  d iscuss ion  fo l lowing  
eq.  (119)) 
p red ic t ed  wall temperature ,  O K  (eq.  (119)) 
- 
T- 1 temperature   array  of   preceding time l i n e   b a s e d  on the  y-1 
- 
a r r a y ;   u s e d   t o   c a l c u l a t e  K - 1  a r r a y ;  O K  
- 
U hor i zon ta l  component o f  t r a j e c t o r y  v e l o c i t y ,  km/sec 
(eqs.  (88) , (89)) 
ue t a n g e n t i a l   v e o c i t y  a t  outer  edge  of  boundary  l yer,  cm/sec 
(eqs * (B1) - ( B 3 )  1 
V v e r t i c a l  component o f   t r a j e c t o r y   v e l o c i t y   ( p o s i t i v e   u p w a r d ) ,  
km/sec (eqs .  (88)- (90) ) ;  a l so  normal  ve loc i ty  in  boundary  
l a y e r  as used in  appendix B y  cm/sec 
Vair ve loc i ty  of  ex terna l  (ambient )  gas  normal  to  f ront  sur face  
and  considered  posit ive,   cm/sec  (eqs.   (24),(25)) 
v 
volume occupied by pyrolysis gas per unit  spatial  volume, 
dimensionless  (eqs.   (15) , (17))  
en tha lpy   ve loc i ty ,  km/sec;  defined as V2 = 0.00836hst 
(eq.   (56))  
vm f r e e - s t r e a m   ( t r a j e c t o r y )   v e l o c i t y ,  km/sec (eq.   (88a)) 
53  
X 
ra te  o f  p y r o l y s i s ,  from s o l i d  t o  g a s  p e r  u n i t  s p a c e  volume, 
g/cm3sec (eqs - (3) Y (4))  
longi tudinal  coordinate  a long meridian ( in  boundary layer) ,  cm 
(eqs - CBl) - (B3) 1 
coord ina te  normal  to  f ront  sur face  ( inward)  , cm 
depth of  10-percent  char  degradat ion (J = 0.90), cm 
depth of 90-percent char degradation (J = O.lO), cm 
a r ray   o f  y values   f rom  the  preceding time l i n e ,  r e f e r r i n g  t o  
t h e  same p o i n t s   i n   t h e  material as the   cu r ren t  y a r r a y ;  
deeper   than   the  y a r r a y  by t h e   i n c r e a s e   i n   s u r f a c e   r e c e s -  
sion between the two time l i n e s ;  7-1 (M) = y(M) + Ax, cm 
(see   d i scuss ion   fo l lowing   eq .   (11) )  
a r ray  def ined  by  equat ion  (9) 
a r r a y ,  same as z ,  b u t  f o r  t h e  p r e c e d i n g  t i m e  l i n e  and  spaced 
a c c o r d i n g   t o   t h e  7-1 array   (used   in   eq .   (12) )  
s t a b i l i t y  p a r a m e t e r  f o r  f i n i t e  d i f f e r e n c i n g ,  d i m e n s i o n l e s s ;  
def ined  by equation (111);  should be 5 1/2 .  
cons t an t s  i n  equa t ion  (46) 
t ra jec tory   angle ,   deg;   pos i t ive   above   hor izonta l   (eq .   (88b))  
thermal  thickness ,  def ined by equat ion (96) ,  cm; also increment ,  
f o r  example, Ah = en tha lpy  po ten t i a l ,  ca l /g  
increment  of  enthalpy potent ia l  due to  homogeneous combustion 
( eq .   (83 ) ) ;   i n  V2 u n i t s ;  km2/sec2 
sur face   emiss iv i ty ,   d imens ionless   (eq .   (80) )  
ac t iva t ion  tempera ture  for  the  Arrhenius  r a t e ,  K ,  f o r  t h e  p y r o l -  
y s i s   r e a c t i o n ,  O K  (eq. (5))  
v i scos i ty ,  po ise  (eqs .  (Bl )  - (B7)) 
d e n s i t y ,  g/cm3 
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densities,  g/cm3;  virgin  plastic,  pure  char  based  on  total 
spatial  volume  (includes  volume  occupied  by gas), pure  char 
based on volume  occupied  by  solid  particles of char  only 
(eqs.  (16),  (17)), gas  based on spatial  volume  (eq. (15)), 
solid  (based  on  spatial  volume)  which  can  vary  between  pch 
and  Pp  (eqs. (7) Y (11)) 
free-stream  atmospheric  density  in  Earth  sea-level  atmospheres, 
dimensionless,  D/1226 
values  assigned  to P, at  which  changes of scale  height  in an 
arbitrary  atmosphere  occur;  see  Sh,, Sh,,  Sh, 
Stefan  constant, 1.369~10-l~ cal/cm2sec O K 4  (eq. ( 8 0 ) )  
approximation  of  the  ratio of stored  energy  to  the  stored  energy 
associated  with  an  exponential  temperature  profile, 
dimensionless  (eq. (97)) 
constant,  dimensionless  (defined  by  eq. (B7)) 
surface  recession, cm 
characteristic  recession  depth, cm, used  in  tumbling  correction 
(eq. (61)) 
convective  heat  blockage  factor,  dimensionless  (eq. (78)) 
modified  convective  heat  blockage  factor,  dimensionless 
(eq. (71)) 
Subscripts 
Subscripts  listed  below  should  be  referred  to  when  a  subscripted  symbol 
is  not  listed  in  the  nomenclature  above.  Subscripts  can be combined. 
air  external  g sor ai
BF back  face 
C continuum;  also  corrected 
C' as  defined  by  equation (113) 
calc  calculated 
ch  char 






















d i f f u s i o n  
outer  edge  of  boundary  layer ;  a l so  quant i ty  based  on energy 
ba lance  
e ros ion  (o ther  than  combust ion  or  subl imat ion)  
excess  
f ree  molecule 
pyro lys i s  gas  
i n i t i a l  
r e f e r  t o  t h e  s e c o n d ,  t h i r d ,  and f o u r t h  f i n i t e  d i f f e r e n c e  c a l c u -  
l a t ed  g r id  po in t s ;  u sed  in  equa t ions  (117) ,  (120) ;  see 
appendix C y  sketch  (h) 
index numbers 
maximum 
i n  s e m i - i n f i n i t e  c a l c u l a t i o n s ,  r e f e r s  t o  g r e a t e s t  d e p t h  c o n s i d e r e d  
(same as BF); i n  f i n i t e  d e p t h  c a l c u l a t i o n s  r e f e r s  t o  a v i r t u a l  
p o i n t  (whose depth may b e  g r e a t e r  t h a n  t h e  BF p o i n t ) ;  see 
Numerical Analysis and Computation Procedures, Some Features of 
t h e  Computer  Program, Back Boundary Condition and appendix C y  
sketch  (h) 
no blowing 
oxygen 
v i r g i n  p l a s t i c ;  a l s o  p r e d i c t e d  
r eac t ion  
r e f e r s  t o  s o l i d  a b l a t i n g  material (which can vary from virgin 
p l a s t i c  t o  p u r e  c h a r )  
s t agna t ion  
sub 1 imat i on 
t h e o r e t i c a l  
wall ( f ron t   f ace )  
1 
56 
dummy va r  i ab 1 e 
r 
-1 previous time line 
free  stream co 
Superscript 
( *  ) time derivative 
APPENDIX B 
CALCULATION OF AIR FLOW FOR OXYGEN DIFFUSION 
The  amount of  oxygen t h a t  c a n  d i f f u s e  t o  t h e  s o l i d  surface t o  s u p p o r t  
heterogeneous combustion depends originally on t h e  a v a i l a b i l i t y  o f  oxygen 
which, i n  t u r n ,  depends on t h e  r a t e  o f  a i r  f low in to  a con t ro l  volume. 1Ve 
take the  ou te r  edge  o f  t he  con t ro l  volume t o  b e  a t  t h e  assumed f lame f ront  for  
homogeneous combustion. The  homogeneous combustion  causes some dep le t ion  of  
oxygen,  and it i s  n e c e s s a r y  t o  c a l c u l a t e  a cor rec ted  concent ra t ion  of  oxygen 
a t  t h i s  l o c a t i o n  which then  ( l e s s  t he  su r face  concen t r a t ion )  becomes t h e  d r i v -  
i n g  p o t e n t i a l  f o r  d i f f u s i o n  o f  oxygen t o  t h e  s u r f a c e .  We use a Lewis analogy 
f o r  t h e  ra te  of  oxygen d i f f u s i o n ,  so  we want t he  co r rec t ed  concen t r a t ion  o f  
oxygen to  be  eva lua ted  where we eva lua te  the  en tha lpy  fo r  t he  en tha lpy  po ten -  
t i a l ,  t he  "ou te r  edge" of the boundary layer .  
From boundary-layer theory and  an  in tegra t ion  of  the  cont inui ty  equat ion ,  
we ob ta in  
where v i s  c o n s i d e r e d   p o s i t i v e   i n   t h e   d i r e c t i o n   o f   t h e   s u r f a c e ,  and F is 
the s tandard dimensionless  s t ream funct ion as d e f i n e d  i n  r e f e r e n c e  1 2 .  Equa- 
t ion (Bl)  corresponds with equat ion (6.14)  of  reference 1 2  when t h e r e  i s  no 
mass t r a n s f e r  a t  the  surface.   Equatiofi   (Bl) i s  r e w r i t t e n  
A modified Newtonian approximation i s  used f o r  the gradient  of  ue:  
where the   cons t an t  CA a l lows   to   be   eva lua ted   in   a tmospheres .  We evalu- 
P t 2  
a t e  P s t  wi th   the   per fec t   gas  law i n  terms o f  pt  and Tst and approximate 
2 
t h e  v i s c o s i t y  as 
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When  we eva lua te  cons t an t s  fo r  air ,  we have: 
The second terms on both  s ides  of  equat ion  (B5) should be equal.  This is a l s o  
indicated by equation (6.14) of r e f e r e n c e  12, which is written f o r  any posi- 
t i o n  i n  the  boundary  layer.   Accordingly,  
Equation (B6) can also be obtained direct ly  f rom equat ion (6.14)  of  reference 
12 .  The value  of  Fe i s  n o t   o v e r l y   s e n s i t i v e   t o   v a r i a t i o n s   i n  Fw. This  is 
shown in  an  ex tended  (unpubl i shed)  vers ion  of  re ference  13 ,  and  is a l s o  i n d i -  
c a t e d  i n  r e f e r e n c e  1 4 .  A n a l y s i s  o f  r e s u l t s  f o r  a i r  p r e s e n t e d  i n  reference 1 2  
i n d i c a t e s  t h a t  f o r  a r e l a t i v e l y   c o l d  wall, t he  p roduc t ,  d- Fey 
i s  r a t h e r  i n s e n s i t i v e  t o  a v a r i a t i o n  i n  wall enthalpy,  and for  a i r  it has a 
value  of  about  2.95.  For  convenience, we w i l l  de f ine  
Then equat ion (B6) becomes: 
where we have  changed t h e   s u b s c r i p t  on pv t o  e in   equat ion   (24b) .   In   the  
absence  of  o ther  da ta ,  (p is normally  unity.  For  oxygen-containing  gases 
o the r  t han  a i r ,  5 may be  ad jus ted  because  the  cons tan t ,  0 .1566,  in  equat ions  
(B5) and (B6) app l i e s  t o  a i r .  The eva lua t ion   of   the   ex te rna l   gas   (a i r )   f low 
obtained from equation (24b) i s  always compared with the evaluation from equa- 
t i on  (24a ) ,  and t h e  lesser va lue  is used f o r  t h e  rate of  a i r  flow as given by 
equation (25).  
cal c 
, I  The purpose   o f   the   ca lcu la t ion   descr ibed  i s  t o   o b t a i n   t h e  oxygen  co cen- 1' .: 
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, .  t r a t i o n  after some degree  of  deplet ion  by homogeneous combustion. Clearly, 
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f f o u t e r  edge" of  the  boundary  layer .  In  genera l ,  th i s  uncer ta in ty  is no t  ' ,  
' . ,  cr i t ical .  We can  rewri te   quat ion (30) by  combining i n t o  it equations  (26),  
<-:, r 
t -1. 
, _ I  . 
" <  4 . .  t:.;: : 
, *  1 ? ~ +  1 
; I ,  ' 
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(27), and (28) and ob ta in  
- mgwE2 
coxf - cox -  %air 
For moderate rates of gas expulsion, in, an e r r o r  i n  mair can make a 
o f  gas  expu l s ion ,  t he  r e l a -  
will be  smal l ,  and t h e r e  
s m a l l e r   r e l a t i v e   e r r o r - i n  C i x f .  For P a r g e r   r a t e s  
t i v e   e r r o r   i n  Co,f need  not  be small, bu t  Coxf ' 
w i l l  b e  l i t t l e  heterogeneous  combustion anyway. A s  shown in  equa t ion  ( 2 9 ) ,  
Coxf is a s s igned  the  va lue  ze ro ,  when the  apparent  ca lcu la ted  va lue . f rom 
equat ion (BS) i s  negat ive .   This   occurs  a t  t h e   l a r g e s t  mgw va lues ,  and then  
an e r r o r   i n  ma., i s  o f  no consequence f o r  heterogeneous  combustion. The 
va lue  of  un i ty  t o r  Cp i n  e q u a t i o n  (24b) a p p e a r s  t o  b e  v a l i d  f o r  a b l a t i o n  i n  
a i r .  I t  g i v e s  r e s u l t s  t h a t  are c o n s i s t e n t  w i t h  d a t a  r e p o r t e d  i n  figure 11 of  




USE OF COMPUTING PROGRAMS 
The computing program i s  a c t u a l l y  a group of  programs for  handl ing several  
types of problems. Two o f  t h e  main programs accept  arbi t rary heat ing ra tes ,  
one of these programs being for a semi - in f in i t e  dep th  material w h i l e  t h e  o t h e r  
is f o r  a f i n i t e  d e p t h  material (with a back boundary condi t ion appl ied) .  Two 
o t h e r  main programs ( f i n i t e  and  semi- inf in i te )  use  hea t ing  ra tes  t h a t  a r e  c a l -  
c u l a t e d  i n  t h e  programs themselves. A f i f t h  main  program i s  a cont inua t ion  of  
t h e  s e m i - i n f i n i t e  a r b i t r a r y  h e a t i n g - r a t e  p r o g r a m  which allows a c a l c u l a t i o n  t o  
be interrupted and resumed (with possibly a new g r id  spac ing ) .  The cont inua-  
t i o n  program  need  not  be a cont inua t ion  of  any  previous  ca lcu la t ions .  I t  
a l l o w s  o n e  t o  r e a d  i n  a r b i t r a r y  i n i t i a l  c o n d i t i o n s  i n c l u d i n g  t e m p e r a t u r e  and 
degrada t ion  p ro f i l e s ,  T i  (y) and J i  (y) , and r a t e  o f  gas  gene ra t ion ,  fig? Cy). 
The main programs can be used for  e i ther  wind-tunnel  or  f l ight  calculat ions.  
Subprograms are used with each main program as indicated by the groupings 
below. 
Main Programs 
Main A Arb i t r a ry  Q ,  s e m i - i n f i n i t e  
Main B Arb i t r a ry  Q,  s emi - in f in i t e ,   con t inua t ion  
Main C Arb i t r a ry  Q,  f i n i t e  
Main D Aerodynamic Q ,  semi- i n f i n i t e  
Main E Aerodynamic Q ,  f i n i t e  
Starting Values Subprograms 
Subprogram SV1 S t a r t i n g  v a l u e s ,  a r b i t r a r y  Q 
Subprogram SV2 S t a r t i n g  v a l u e s ,  aerodynamic Q 
Front Surface Subprograms 
Subprogram FSEBl Front  surface energy balance,  a r b i t r a r y  Q 
Subprogram FSEB2 Front  surface energy baiance,  aerodynamic Q 
Back Surface Subprogram (Typical)  
Subprogram QBACK Back s u r f a c e   e n e r g y   b a l a n c e ,   f i n i t e   h e a t   s i n k  
Tra j ec to ry  Subprogram 
Subprogram DER Trajectory  equations,   aerodynamic Q 
P r i n t i n g  Subprograms  (Typical) 
Subprogram PRINTS1 P r i n t ,  s e m i - i n f i n i t e  
Subprogram PRINTF P r i n t ,  f i n i t e  
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Material  Properties  Subprograms  (Typical) 
Subprogram  ALPROPA Material  properties,  Apollo-type  material, j = 0.5 
Subprogram  ALPROPB Material  properties,  high-density  phenolic  nylon 
Subprogram  ALPROPC Material  properties,  same  as  ALPROPB  except 
material,  j = 0.5 
j = read  in  (B13) 
The  starting  values  and  front  surface  subprograms  are  selected  to  go  with 
a  main  program  of  either  the  arbitrary  heating-rate  type  or  the  aerodynami- 
cally  calculated  heating-rate  type.  The  back  surface  subprogram  is  used  only 
with  main  programs  for  finite  depth,  C  and E. The  trajectory  subprogram  is 
used  only  for  aerodynamic  heating  cases  (main  programs  D  and E)  is  then 
only  needed  for  flight  cases.  The  printing  subprograms  go  with  semi-infinite 
calculations  (main  programs A, B y  D) or finite  calculations  (main  programs  C 
and E). The  material  properties  subprogram  is  selected  to  correspond  to  the 
ablation  material  being  used. For some  new  type  of  material, it may  be  neces- 
sary  to  write  a  new  material  properties  subprogram,  but  this  is  easily  done. 
Within  the  grouping  of  main  and  subprograms  listed  above,  there  are  also 
library-type  subroutines  that  perform  such  operations  as  differentiation, 
integration,  and  interpolation. 
In  the  program  listing  above,  the  back-surface  subprogram,  the  printing 
subprograms,  and  the  material  properties  subprograms  should  be  considered  as 
typical;  an  unlimited  number  of  variations of these  subprograms  can  be  written. 
The  back  surface  subprogram  that  is  listed  considers  the  backing  material  as  a 
heat  sink  with  an  arbitrary  finite  heat  capacity.  The  program  solves 
equations  (87b)  and  (87c). 
Variations  in  the  listed  printing  subprograms  can  be  made  to  print  out 
any  new  quantities  desired. For example,  by  interpolation,  one  can  print  out 
temperatures  at  fixed  positions  in  the  material  (say  at  thermocouple  depths). 
Also,  the  units of the  printed  quantities  can  be  changed.  These  changes 
involve  simple  calculations  to be performed  in  the  printing  subprogram,  and 
they  do  not  affect  any  of  the  calculations  performed  in  the  main  and  the  other 
subprograms  when  new  quantities  (not  in  common)  are  used  in  the  printing 
subprogram. 
In  writing  a  new  material  properties  subprogram,  certain  quantities  must 
always  be  determined.  The  following  material  properties  are  generally  func- 
tions  of  temperature, T, or  they  may  be  constant.  These  properties  are  listed 
as  arrays,  the  index  being  the  grid-point  number, M y  from  1  to MF + 1. The 
temperature  array  of  the  previous  time  line T(M) is  used  to  evaluate  the 
temperature-dependent  properties.  These  quantities  are: cp(CPP(M)), 
,fT cpg dT1 (GINT(M)) , (CKDBP (M)) , dT Kp (DKDBP  (M) ) , zch (CKDBCH  (M) ) ,
0 
6 2  
- 
d'ch (DKDBCH(M) ) , and hsr (HS (M)) (see appendix A) . These  quant i t ies  can  be  dT 
o b t a i n e d  b y  i n t e r p o l a t i o n  o f  t a b u l a r  d a t a  e i t h e r  r e a d  i n  o r  p u t  i n t e g r a l l y  
into the beginning of  the subprogram (and the tables  need not  be in  common). 
O r  if ana ly t i ca l  expres s ions  are a v a i l a b l e  f o r  some o f  t h e  q u a n t i t i e s ,  t h e y  
can  be  eva lua ted  thus ly  by  wr i t ing  the  appropr ia te  equat ions  in to  the  subpro-  
gram. Two o t h e r  a r r a y s  are determined i n  the  subprogram, K(CK(M)) and 
K-I(CKMl(M)). These can be obtained as func t ions  of  a r rays  of  tempera tures ,  
T and T-1 i n  any way des i r ed ,  bu t  t hey  a re  gene ra l ly  ca l cu la t ed  by  an  
Arrhenius  equat ion (S) ,  with the constants  being read i n .  
A number o f  s ing le -va lued  quan t i t i e s  are determined as func t ions  of  sur- 
face and ex te rna l  cond i t ions .  The quan t i t i e s  a s soc ia t ed  wi th  he t e rogeneous  
combustion  are mchcomb (Fl) ,   equat ion  (43) ,  mchcomb (DIRML = VW), equa- 
t i o n  (44) , mchcomb (RERML = P ) ,  equation (45) , and hscomb (HCS) , equa- 
t i o n  ( 8 5 ) .  The q u a n t i t y ,  hscomb, can  be  ca lcu la ted  as a func t ion  of  sur face  
temperature ,  T,, i n  t h i s  subprogram,  but it is  of ten  ass igned  a cons tan t  
r ead - in  va lue  (HCHREF) i n  t h e  subprogram. The ef fec t ive  hea t  of  combust ion  of  
pyro lys i s  gases ,  h ce (HCG) i s  e v a l u a t e d  i n  t h e  subprogram  according t o  equa- 
t i o n  (81) , and it fhus  depends  on  hgc.  This l a t t e r  q u a n t i t y   c a n ,   i n   p r i n c i -  
p l e ,  be  eva lua ted  as a funct ion of  boundary-layer  temperatures  and t h e  e x t e n t  
of  oxidation,  which will i n  t u r n  depend on a number o f  va r i ab le s .  Th i s  is  
c lear ly  not  warran ted  in  v iew of  the  s imple  f lame f ront  model assumed.  The 
quan t i ty ,  h c ,  i s  most appropr ia te ly  put  in to  the  subprogram as a r ead - in  
cons tan t  , HEREF. 
d max 
r e  max 
The r a t e  o f  l o s s  o f  su r f ace  ma te r i a l  o the r  t han  by  combus t ion  and sublima- 
t i o n  ( c a l l e d  e r o s i o n ) ,  mchero (F2 = TAUWP), i s  evaluated in  the subprogram. 
This  may b e  i n  t h e  form of  an empir ical  expression such as equations (46) o r  
some o the r   eva lua t ion .  The energy   assoc ia ted   wi th   th i s   p rocess ,  hser0 (CS) i s  
temperature ,   say,  i t  should  be  valuated  in  this  ubprogram. I f  hser0 i s  a 
cons tan t ,  it i s  r e a d  i n  as CS, and it need not be included in this subprogram. 
I usual ly   zero   ( see   eq .  (85) ) .  I f  hser0 i s  a va r i ab le   func t ion   o f   su r f ace  
The l o s s  r a t e s  o f  s u r f a c e  material due t o  s u b l i m a t i o n  are  c a l c u l a t e d  i n  
t h i s  subprogram.  These  quant i t ies   are  mchsub  (FSUB = UDB(5)) , equat ion ( 5 3 )  , 
%hsFM 
t i o n   ( 5 2 ) .  The energy  of   subl imat ion hsub (see  eq.   (86)) i s  usual ly   approx-  
imated as a c o n s t a n t ,  i n  which case  it need not be included in the subprogram, 
but  it i s  r e a d  i n  as E20. If one  wishes t o  make hsub a func t ion   o f   su r f ace  
tempera ture ,  the  eva lua t ion  should  be  per formed in  th l s  subprogram,  and  for  
hsub, UDB (2) should be used (which i s  i n  common) . 
(FSUBRAT = UDB(4)) , equation (48),  and mChsd  (FSUBDIF = UDB(6)),  equa- 
Computing Program Options 
In  add i t ion  to  the  ma jo r  op t ions  de t e rmined  by s e l e c t i o n  o f  a main pro- 
gram and accompanying subprograms, there are several op t ions  tha t  can  be  
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selected  within  the  programs: 
1.  Variation of density of the  ablating  material 
(a) The  solid  density, ps, at  each  depth, y, is  not  allowed to 
increase  with  time.  This  is  only  applicable  to  wind-tunnel  con- 
ditions  with  constant  heat  loading.  It  is  not  necessary  to  use 
this  option. KG = 1. 
for  wind-tunnel  cases  also.) KG = 2. 
(b) The  normal  situation  allows ps to  vary  freely.  (This  is  valid 
2.  Calculation  of  internal  degradation 
(a) The  normal  calculation  follows  the  degradation  of  a  point  in  the 
material.  Each  point of matter  moves  in  the  coordinate  system 
(because of surface  recession  and  because  the  origin  is  at  the 
front  surface).  LLl = 1. 
(b) An  approximate  calculation  ignores  the  movement of solid  material 
in  the  coordinate  system.  This  speeds  up  computing  time  and  is 
reasonable  when  the  surface  recession  is  negligibly  small. 
LLl = 0. 
3 .  Running  conditions  with  aerodynamic  heating  (main  program D or E) 
(a) Normal  wind  tunnel, KF = 1.  No  rarefaction  effects;  uses 
(b) Rarefied  wind  tunnel,  KF = 2. Takes  account  of  rarefaction 
equation (73). 
effects,  equations (62)-  (71).  (This includes  all  wind-tunnel 
cases,  but  the  computing  time  is  longer  than  with  option (a).) 
Options (a)  and  (b) allow  the  wind  tunnel  to be shut  off  if 
desired;  the  calculations  will  continue  while  the  model  cools. 
(c) Entry  flight  with  an  initial  temperature  profile  in  the  material 
that  is  computed  as  an  exponential  profile.  With  an  assumed  Twi 
(> To), the  initial  values,  Di  and  Ai,  are  computed  by  the 
program.  KF = 3 .  
(d) Flight  with  arbitrary  initial  values of atmospheric  density,  Di, 
and  thermal  thickness of an  assumed  exponential  temperature  pro- 
file  in  the  body,  Ai.  KF = 4. 
4. Planet  and  atmosphere  for  flight  case  with  aerodynamic  heating  (main 
program  D or E,  with  KF = 3 o r  4) 
(a) Earth  entry  with  ARDC  atmosphere  (approximated  exponentially  with 
(b) Arbitrary  planet ($1 andggl ) with  exponential  atmosphere  having 
three  programmed  values of scale  height).  Earth  radius  pro- 
grammed at 6440 km, and = 980 cm/sec2. KC5 = 1. 
arbitrary  scale  height  (initial,  two  intermediate,  and  final 
values). KC5 = 2. 
Pl 
Damping  Constants 
The  damping  calculation  is  given  in  equation (112).  When  damping  is  not 
used,  all  damping  constants  should  have  the  value  unity.  The  read-in  quanti- 
ties,  KCT  and NOP, are  the  time-line  numbers (N) for  the  first  and  second 
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I 
damping  changes,   respectively.  The t a b u l a t i o n  below l ists  t h e  q u a n t i t i e s  
damped and t h e  f irst ,  second,  and third damping c o e f f i c i e n t s .  
Quant i ty  F i r s t  damping c o e f f i c i e n t  Second Third 
Tw E l  B14 CY 
mg(Y, t l  B6  B7  B6 
'chcomb B9 B10   
mchero B 1 1  B12 B 1 1  
'chsub B 1 1  B12 B 1 1  
$ PS CMO PS 
Nomenclature of Computing Program 
The nomenclature in the computing program i s  in  symbol ic  FORTRAN 
l anguage .  Sepa ra t e  l i s t i ngs  o f  i npu t  and  output  da ta  a re  shown below. 
Input  Data 
Input  da ta  are l i s t e d  below in  the i r  o rde r  o f  ca rd  punch ing .  Card f o r -  
mats a r e  shown i n  s k e t c h  ( g ) .  A l l  i npu t  da t a  a re  p r in t ed  by  the  program i n  a n  
i n i t i a l  r e a d o u t  ( s e e  Sample Case, below). A q u a n t i t y  l i s t e d  as an  option i s  
d e f i n e d  i n  t h e  s e c t i o n ,  Computing  Program Options.  
Fo l lowing  the  de f in i t i on  o f  a quant i ty ,  cer ta in  programs or  op t ions  may 
b e  l i s t e d .  For  other  program or  opt ion select ions,  the quant i ty  i s  not  needed 
o r  used,  but  the card formats  must be maintained.  
The spacing sketch,  time ske tch ,  and p r in t ing  ske tch  ( ske tches  (h ) - ( j ) )  
a r e  r e f e r r e d  t o  i n  t h e  i n p u t  l i s t i n g s  below. The spacing  sketch shows t h e  
y(M) spacing.  The f ine-spaced y i n c r e m e n t s   a r e   n o t   u s e d   i n   t h e   f i n i t e   d i f -  
fe rence   so lu t ion   of   equa t ion   (1) .   Af te r   the   f in i te -d i f fe renced   answers  are 
ob ta ined ,  t he  f ine  inc remen t s  are used as i n t e r p o l a t i o n  p o i n t s  f o r  a c l o s e r  
spac ing  nea r  t he  f ron t  su r f ace  o f  t he  p r in t ed  quan t i t i e s  ( e .g . ,  T(M)).  See 
Output Data s e c t i o n .  
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CARD 
~ & ~ N 2 ~ N F l K 2 1 K 3 1 K 4 1 L ~ M P / M 3 1 M F 1  JI 
1 J Z ~ K + M I ~ K W ]  A 4 8 12 161 x) 241 28 32 36 40 44 48 52 56 60 64 68 721 
KM3 KCMllQw2KcM3CM KNI KN2 KCHl KCH KCHF LLI HOP NAR IJJAR JJR2 JJCH I B 
ALL  NUMBERS IN I4 FORMAT (MUST BE RIGHT JUSTIFIED) 
P i T E  (98) 
RJ( I )  .RJ (2 )  
815 /8I6(OPEI 
E 7  88 
E 7  E 8  
:I5(0PENl E16 
;AMAl T W I  
DDT3 DYI 




TOFF E 2 4  
VCON QCSlN 
FSUB T T  
T E ( 3 )  T E ( 4 )  
rE   (99 )  
c7 I C8 
R J ( 3 )   R J ( 4 )  
37 
81 
B 9  
C I  
E l  
E 9  
SIGMA 
X U W ( r n  
RH02 I 




E 2 5  
QCGIN 
PSI 
TE(  5 )  




c 2  
E 2  






P T 2  
TREF 





c 3  
E 3  























E 2 8  
RESID 
T E ( 8  











I I  





R '  
T I 3  
i 1 3  
G I  
SI3 
41 
3 1  
438 
PROGRAMS 






A, B, C 






= M  
F ine  spaced 
e.g , L N =  4 
Ay2, Ay3, Ay4 ore incremenk used in finite difference equation 
A = Increment  used  for  interpolation 
YI 
Sketch (h) . - Spacing. 
NI,  NZ  ore  break  potnts  for changing At 
kat, = DDT I +At2= D D T 2 t A t 3 =   D D T 3 4  
Tlme lhne no = N I N I  NZ NF 
t = t i  
A t , ,  At2, At3 ore Increments used In fmte dl f ference equot lon 
Sketch  ( i )  .- Time.  
One ttrne hne 
KMI, KM2, KM3 ore breok polnts for prlntlng Increments 
Grld  polntn  I KMI  KM2  K 3  MF(sern1-a  colculot~on) 
MF+l(f ini te  colculot ion) 
KCMI, KCMZ, KCM3. KCMF ore grid-pomt prlnting Increments 
Between tlme 11nes 
KNI, KN2 ore breok polnts for prlnting incfements 
1 (KCNI) 1 (KCN2) 1 (KCNF) I 
I 
Ttrne l lne  no. I KNI  KN2 NF 
KCNI, KCN2, KCNF ore tlme llne printlng Increments 
Sketch ( j )  . - P r i n t i n g .  
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Card A 
(All  numbers are i n t e g e r s  i n  I4 FORMAT) 
KF 
KG 















Running condi t ion  opt ion ,  main program D o r  E 
V a r i a t i o n  o f  d e n s i t y  o f  t h e  a b l a t i n g  material opt ion  
Time-line number a t  which t h e  f i n i t e  time increment,  A t ,  changes  from 
A t 1  (DDT1) t o  A t 2  (DDT2) ( s e e   s k e t c h   ( i ) )  
Time-line number a t  which t h e  f i n i t e  time increment,  A t ,  changes  from 
A t 2  (DDT2) t o  A t 3  (DDT3) ( s e e   s k e t c h   ( i ) )  
F ina l  t ime- l ine  number ( s e e  s k e t c h  ( i ) )  
Defined  by Ay2 = (K2)Ayl. Can be  z 1 ( see   ske t ch   (h ) ) ;  Ay2 i s  t h e  
sma l l e s t  Ay u s e d   i n   t h e   f i n i t e   d i f f e r e n c e   e q u a t i o n ;   q u a n t i t i e s   i n  
t h e  Ay1 spac ing  are  obta ined  by i n t e r p o l a t i o n  from t h e  f i n i t e -  
d i f f e r e n c e   o b t a i n e d   v a l u e s   i n   t h e  Ay2 spac ing .  
Defined  by Ay3 = (K3)Ay2; can  be 2 1 (see   ske tch   (h) )  
Defined  by Ay4 = (K4)Ay3; can  be 3 1 (see   ske tch   (h) )  
Increments  of Ay2 spacing  over  which Ayl s p a c i n g   e x i s t s ;  must be _> 3 
(see   ske tch   (h) )  
Grid  point  a t  which  space  increment  changes  from Ay2 t o  Ay3 (see 
ske tch  (h) )  ; (LN) (K2) + 1 = M 1  5 M2 -< M3 
Grid  point  a t  which  space  increment  changes  from Ay3 t o  Ay4 (see 
ske tch  (h ) ) ;  M2 5 M3 5 MF 
Grid  point  a t  deepes t  po in t  ca l cu la t ed .  Maximum value  = 99 (see 
ske tch   (h ) ) .   Fo r   s emi - in f in i t e   ca l cu la t ions  (main  programs A, B y  D ) ,  
t h i s  d e p t h  may be  g rea t e r  t han  ac tua l  ma te r i a l  dep th ,  and we r e q u i r e  
MF 2 M3 2 M2 2 M 1 .  For f i n i t e  c a l c u l a t i o n s  (main  programs C y  E ) ,  
t h i s  i s  t h e  i n i t i a l  d e p t h  o f  m a t e r i a l ;  f o r  t h e s e  c a s e s ,  we r e q u i r e  
i n i t i a l l y  t h a t  MF 2 M3 -> M2 2 M 1 .  Also, i f  K2 # 1, r e q u i r e   t h a t  
MF 2 M 1  + 2 a f t e r  s h r i n k a g e .  
O r d e r   o f   i n t e r p o l a t i o n   f o r   q u a n t i t i e s ,  z-  1 (M) and T- 1 (M) , fo r   p rev ious  - 
t i m e   l i n e .  Used in   equa t ion   (12 ) .   In   t he  computing  programs, t h e  
va lue  of z i s  advanced  from  one time l i n e  t o  t h e  n e x t .  
Order o f  i n t e rpo la t ion  fo r  ca l cu la t ed  t empera tu res ,  T ,  a t  f ine-spaced 
g r id  po in t s  ( s ee  ske tch  (h ) )  
Planet and atmosphere option (main  program D o r  E with KF = 3 o r  4) 














J J A R  
NAROP 
J J R 2  
J J C H  
Gr id  poin t  a t  which p r i n t i n g  i n t e r v a l  on one time l i n e  changes 
from KCMl t o  KCM2 ( see   ske tch  ( j ) ) ;  1 5 KM1 KM2 - KCM2 
Grid  poin t  a t  which p r i n t i n g  i n t e r v a l  on one t ime line changes 
from KCM2 t o  KCM3 ( see  ske tch  ( j ) ) ;  
KM1 + KCM2 _< KM2 _< KM3 - KCM3 
Card B 
(All  numbers are  i n t e g e r s  i n  I 4  FORMAT) 
Grid point  a t  which p r i n t i n g  i n t e r v a l  on one t ime line changes 
from KCM3 t o  KCMF ( see  ske tch  ( j ) ) ;  KM3 2 KM2 + KCM3; a l s o  
KM3 5 MF - KCMF f o r  main  programs A,  B y  D ;  
KM3 I MF - KCMF - 1 f o r  main  programs C y  E (using MF 
va lue  a f t e r  shr inkage)  
P r i n t i n g  i n t e r v a l s  o f  g r i d  p o i n t s  ( s e e  s k e t c h  ( j ) )  (normally 
u n i t y )  
Time-line number a t  which t ime- l ine  pr in t ing  in te rva l  changes  
from KCNl  t o  KCN2 (see sketch ( j ) )  
Time-line number a t  which t ime- l ine  pr in t ing  in te rva l  changes  
from KCN2 t o  KCNF ( see  ske tch  ( j ) )  
T ime- l ine  p r in t ing  in t e rva l s  ( s ee  ske tch  ( j ) )  
In t e rna l  deg rada t ion  op t ion ;  L L 1  = 1, normally 
Time l i n e ,  N ,  fo r  second damping  change 
Number i n  l o a d i n g  a r r a y ;  maximum = 300;  main  programs A ,  B y  
and C 
I n i t i a l  o r d e r  of i n t e r p o l a t i o n  i n  l o a d i n g  a r r a y ;  main pro- 
grams A,  B y  C 
Loading a r r a y  p r i n t i n g  o p t i o n ;  NAROP = 1, p r i n t s  a r r a y ;  = 0, 
does  not  pr in t ;  main programs A,  B y  C 
F ina l  o r d e r  o f  i n t e r p o l a t i o n  i n  l o a d i n g  a r r a y ;  main  programs 
A ,  BY c 
Number i n  l o a d i n g  a r r a y  a t  which o r d e r  o f  i n t e r p o l a t i o n  
changes  from i n i t i a l  (JJAR) t o  f i n a l  ( J J R 2 ) ;  main  programs 
A,  BY C 
~ 1 1  remaining cards have each number i n  E9.3 FORMAT, wi th  e ight  ( O r  
fewer) numbers p e r  card. 
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Card 1 
A l ,  equa t ion  (54);  main  programs A, B ,  C; a l s o  main  programs D ,  E 
wi th  KF = 3 o r  4 
A 1  
A 2  
A3 
A4 










B 1 1  
B12 
(Open) 
A 3 ,  equation  (75) 
Ab, equat ion  (62) ,  main  programs D ,  E ;  o therwise ,  open 
' otherwise open 
Kch i f  constant   (and  unevaluated  in   the material p r o p e r t i e s  
- 
"
i f  constant  (and unevaluated in  the mater ia l  propert ies  subprogram),  
- 
"
subprogram), otherwise open 
Sp , equat ion  (5) 
ep , equat ion (5) 
Card 2 
Should be zero for  a l l  cases ,  except  tha t  B5 = toff can  be  used  for  
cons tan t   loading  cases (main  programs A,  B y  C and D ,  E with KF = 1 
o r  2 ) .  B5 # 0 i s  no t   necessa ry   fo r   t hese   ca ses ,   bu t  when t < B 5 ,  
it i n s u r e s   t h a t  K 2 K - 1 .  
First and t h i r d  damping c o e f f i c i e n t s ,  m,(y, t )  
Second  damping c o e f f i c i e n t ,  mg(y, t )  
T O  
F i r s t  and t h i r d  damping c o e f f i c i e n t s ,  mchcomb 
Second  damping c o e f f i c i e n t ,  m,hcomb 
F i r s t  and t h i r d  damping c o e f f i c i e n t s ,  mChero and %hsub 
Second damping c o e f f i c i e n t ,  mcherO and %hsub 
Card 3 
B13 j , equations  (36)-  (41),  (45) .  ALPROPC; otherwise  open 




c1 C 1 ,  equation  (60);  main  programs D,  E 
c2 C 2 ,  equation  (60);  main programs D ,  E 
c3  C 3 ,  equat ions  (92) ,  (95) ; main  programs D ,  E wi th  KF = 3 o r  4 
c4 C4, equations  (92) , (95) ; main programs D ,  E wi th  KF = 3 o r  4 
Card 4 
c5  
C 6  
c7 
C8 
E l  
E2 
E 3  
E4 
sh 1 
, equat ion (90);  main  programs D ,  E wi th  KF = 3 o r  4 and KC5 = 2 
C g ,  equation  (62);  main  programs D ,  E 
L / D r ,  equat ion  (89);  main  programs D, E wi th  KF = 3 o r  4 
gp1KC5 = 2 
x ~ O - ~ ,  equation  (89b) ; main programs D ,  E wi th  KF = 3 o r  4 and 
F i r s t  damping c o e f f i c i e n t ,  Tw 
E 2 ,  equation  (27) 
E 3, equation (57b) 





E 8  
E9 
E 1 0  
E l  1 
E12 
E 5 ,  equation (79) ; main programs D, E 
E 6 ,  equation (79) ; main programs D, E 
E 7 ,  equat ions ( S O ) ,  (51) 
E g ,  equation  (49) 
E g ,  equat ion  (94);  main  programs D, E wi th  KF = 3 o r  4 
E 1  0, equation (57b) 
McV, equa t ions   (47) ,  (48), (52) 
E 1 2 ,  equation (91);  main  programs A, B ,  C ;  a l s o  main  programs D, E 
wi th  KF = 3 o r  4 
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Card 6 


















E 1 3 ,  equations  (93),  (95);  main  programs D ,  E wi th  KF = 3 o r  4 
Acq, equat ion  (64);  main  programs D,  E wi th  KF = 2, 3,  or  4 
(Open) 
E 1 6 ,  equat ion  (61);  main  programs D ,  E wi th  KF = 3 o r  4 
IS = 1 . 3 6 9 ~ 1 0 - l ~  
R i ,  equat ion (60);  main  programs D ,  E 
(M/CDCA)i, equat ion  (95);  main  programs D ,  E wi th  KF = 3 o r  4 
K ,  equat ion  (61);  main  programs D ,  E with KF = 3 o r  4 
- 
Card 7 
X I ,  equat ion  (61);  main  programs D ,  E with KF = 3 o r  4 
Vmi; main  programs D ,  E ;  f o r  f l i g h t  c a s e s  (KF = 3, 4); f o r  wind- 
tunnel  cases (KF = 1, 2 ) ,  V, = Vooi u n t i l  t 2 teff 
yi ;  main  programs D ,  E wi th  KF = 3 o r  4 
Twi; a l l  main programs, but with main  program D o r  E and KF = 3, 
r e q u i r e  T,i > To 
(Open) 
n ,   equa t ion  (4) 
h s t ;  main  programs D ,  E .  With KF = 1 o r  2 (wind-tunnel   case) ,  hst 
i s  a c o n s t a n t   u n t i l  t 2 toffy when hs t  becomes ze ro ;   fo r   t he  
f l i g h t  c a s e  w i t h  a r b i t r a r y  I n i t i a l  c o n d i t i o n s  (KF = 4), HST is 
A i  
D i ;  main  programs D ,  E ;  wi th  KF = 1 o r  2 (wind-tunnel   case) ,  
D = D i  = c o n s t a n t   u n t i l  t 2 teff when D becomes z e r o ;   f o r   t h e  
f l i g h t  c a s e  w i t h  a r b i t r a r y  i n i t i a l  c o n d i t i o n s  (KF = 4 ) ,  D C I  i s  
D i  
Card 8 
A t 1  ( s e e   s k e t c h   ( i ) )  
A t 2  ( s ee   ske t ch   ( i ) )  
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A t 3  ( s e e  s k e t c h  ( i ) )  DDT3 
DY 1 












AY1 (see ske tch   (h) )  
cpg i f  constant  (and  unevaluated i n  t h e  material p r o p e r t i e s  
subprogram) 
bi, equation  (74c) 
E 1 7 ,  equa t ion  (60);  main programs D ,  E 
E 1 8 ,  equations  (92),   (95);  main programs D ,  E with KF = 3 o r  4 
Card 9 
equat ion  (89);  main programs D ,  E wi th  KF = 3 o r  4 and 
KC5 = 2 
E l g ,  equat ion (49) 
hsub,   equat ion  (86)   (posi t ive  quant i ty)  
ACv, equat ions ( 4 7 ) ,  (48) 
cpwi;   see   s tar t ing  value  equat ions  (127) ,   (134)  , (1354,  (136); main 
programs D ,  E with  KF = 1, 2 ,  o r  3 
- 
K p w i ;  see   s ta r t ing   va lue   equat ions   (123) ,   (127) ,   (136) ;  main pro-  
grams A ,  C and  main  programs D ,  E with KF = 1, 2 ,  o r  3 
CJ ,  equation  (14) 
c ,  equat ion  (87c) ,  main  programs C y  E - 
Card 10 
RHOP pP 
RHOCH P ch 
Pcha 
cs hsero,  equation (85) 
ACT X i ,  equat ion (59); must be   r ead   i n   ze ro   w i th  main  program E 
HSREF hSref;  used t o   e v a l u a t e  hsr i n  t h e  material properties  subprogram; 
negat ive  for  an  endothermic  pyro lys i s  reac t ion  a t  a re ference  
tempera ture  (usua l ly  0" K) 
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cx C,, equations  (43),   (44) , (45) 
CY Third damping c o e f f i c i e n t ,  Tw 
Card 11 
A5 A s ,  equat ion  (77a) 
A6 Converts   pressure  uni ts   f rom  atmospheres   to  dynes/cm2 = 1 . 0 1 3 ~ 1 0 ~  
C K 1  K 1 ,  equations  (38) , (39) , (40)  
CK2 K2 , equat ion  (46) 
PS First and t h i r d  damping c o e f f i c i e n t s ,  $ 
PT2 
Pt 2 
or  pw,  main  programs D ,  E wi th KF = 1 o r  2 (wind-tunnel   cases) ;  
pt, o r  pw i s  a c o n s t a n t  f o r  t h e s e  c a s e s  
CMB W %, equation  (77a) 
CMO Second  damping c o e f f i c i e n t ,  $ 
Card  12 
CMG Mg , equation  (15) 
PHIBAR $ , equat ions (24)  , (B7) - 
cow Cox, equat ion  (26) 
CE CE , equation  (35) 
RG R e q u a t i o n   ( 1 5 )  ( 8 . 3 1 7 ~ 1 0 ~   e r g s  mole-' O K - ' )  
g '  
TRE F Tref, can   be   u sed   i n   ma te r i a l   p rope r t i e s  subprogram (usua l ly   zero)  
HCHREF hscomb i f  cons tan t ,   equa t ion   (85) ;  i f  hsComb i s  a func t ion   of  
t empera tu re  in  the  material properties subprogram, HCHREF i s  a 
r e fe rence   va lue  o f  hscomb a t  some reference   t empera ture  
HGREF hgc i f  cons tan t ,   equa t ion   (81) ;  i f  hgc i s  a function  of  tempera- t u r e  i n  t h e  material properties subprogram, HGREF i s  a r e fe rence  
va lue  of hgc a t  some reference   t empera ture  
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Card 13 
CKDB Ckdb, equation  (43)
CMCH (Open) 
TOFF tof ; when t 2 toff, V,, hst,  and D become zero ;   shut -of f   t ime 
$or wind tunne l s  (main programs A,  B ,  C and D ,  E with KF = 1 o r  
2) ; f o r  f l i g h t  cases (main  programs A ,  B ,  C and D ,  E with KF = 3 
o r  4 ) ,  teff must be  2 t h e  f l i g h t  time 
E24 pm2; main programs D ,  E with KF = 3 o r  4 and KC5 = 2 
E25 ; main programs D ,  E with KF = 3 o r  4 and KC5 = 2 




2KC5 = 2 
E27 sh , equat ion (90) ;  main  programs D ,  E with KF = 3 o r  4 and 
3KC5 = 2 
E28 Shi,  equations  (132),  (133) , and contained i n  equation  (137);  main 




Cards 14 and 15 and t h r e e  s e t s  o f  a r r a y  c a r d s  l i s t e d  below are  used only 
with main program B ( a r b i t r a r y  Q, s emi - in f in i t e ,   con t inua t ion ) .   These   add i -  
t i o n a l  i n p u t s  are i n i t i a l  v a l u e s  t h a t  may b e  a r b i t r a r i l y  a s s i g n e d  o r  o b t a i n e d  
from f i n a l  v a l u e s  from main program A when a con t inua t ion  ca l cu la t ion  i s  being 
made. Cards 14 and 15 and t h e  t h r e e  sets of array cards  (Ti  (y)  , J i  (y) , and 
f ig i (y) )  are a l l  i n  t h e  same format as cards  1 through  13. 
Card  14 
C O I N  




QSUB I N  
STOR 
RES ID 
Q w i  9 equation (106a) 
Qradi, equation  (106b) 
Qvconi , equation (106g) 
Q c s i ,  equation  (106d) 
Qcg i ,  equation  (106c) 
Qsubi, equation  (106e) 
Qstori , equation (106h) 
Qresi  , equation (107) 
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Card  15 
F1 mchcombi, equation  (43) 
FSUB iChsubi ,   equa t ion  (53)  
PSI Jli, equation  (78) 
For a con t inua t ion  ca l cu la t ion ,  it i s  a l s o  n e c e s s a r y  t o  r e a d  i n :  OM0 (MTi), 
card  8,  equation  (74c)  and ACT ( X i ) ,  ca rd   10 ,   equa t ion  (59 ) .  Following  card 
1 5 ,  t h e  i n i t i a l  t e m p e r a t u r e  a r r a y ,  T i ,  i s  r ead   i n :  TE (M) on cards  T 1 ,   T 2 ,  
. . ., T13. The a r r ay   o f  J i  is then   r ead   i n :  R J  (M) on ca rds  R 1 ,  R 2 ,  
. . ., R13. Then t h e   a r r a y  o f  'lng i s  r e a d   i n :  CMRGVG (M) on ca rds  G 1 ,  G 2 ,  
. . . )  G13. The  above three   a r rays   have   the   d imens ion ,  MF, wi th  a maximum 
value  of  99 (up t o  13 cards   each) .  The index M of   each  arrayed  quant i ty  
co r re sponds   t o  a depth y ( a r r ay  Y(M)). The spac ing   of   the  y a r ray   can   be  
s e l e c t e d  a r b i t r a r i l y ;  it i s  n o t  n e c e s s a r i l y  t h e  same as t h a t  o f  p r i o r  c a l c u -  
l a t i o n s  (when a con t inua t ion  ca l cu la t ion  i s  being made). 
Loading  cards  a re  requi red  for  main  programs A, B,  and C .  For  main pro-  
gram B y  t he   l oad ing   ca rds   fo l low  the  G 1 ,  G 2 ,  . . ., G13 ca rds .  For  main pro-  
grams A and C y  the  loading  cards  fo l low card  13 .  The loading  ar rays  have  the  
dimension, NARY with a maximum value  of  300 (up t o  35 cards  each) ,  and they  
a r e  i n  t h e  same format as cards  1 through 13. 
The l o a d i n g  a r r a y s  i n  o r d e r  a r e :  
T i m e ,  t :  TTAR (NN) on cards  A l ,  A 2 ,  . . . )  A38. 
Total   enthalpy,   hst  : HSTAR  (NN) on  cards B 1 ,  B2,  . . . , B38. 
Pressure ,   P t ,   o r  Pw: PT2AR (NN) on cards  C 1 ,  C 2 ,  . . . )  C38. 
Cold-wall   convect ive  heat ing ra te ,  qocw: QOCWAR (NN) on cards  D l ,  D 2 ,  
Rad ia t ive   hea t ing   r a t e ,  qR: QRAR (NN) on cards  E l ,  E 2 ,  . . ., E38. 
E f fec t ive   nose   r ad ius ,  R :  RAR (NN) on cards  F1 ,  F2 ,  . . ., F38. 
. . . , D38. 
Output  Data 
The input  da ta  are p r i n t e d  i n  a n  i n i t i a l  o u t p u t  f o r m a t  ( s e e  Sample  Case 
below).  With  main  programs A ,  B,  and C ,  t h e  l o a d i n g  d a t a  a r r a y s  ( t ,  hst , e t c . )  
a r e   p r i n t e d  o r  not  when NAROP i s  a s s igned   t he   va lue  1 o r  0 .  The index num- 
ber  of  the  loading  ar rays  is  a l s o  p r i n t e d  ( l a b e l e d  NN). 
With main program B y  t h e  d a t a  r e a d  i n  on cards  14 and 15 are printed out 
wi th   the  f i r s t  t ime- l ine   ou tput   (a lways   p r in ted) .  (Some of  t h e s e  numbers may 
be   s l i gh t ly   mod i f i ed   by   be ing   r eca l cu la t ed . )  The q u a n t i t i e s  OM0 (MT~)  and 
ACT (Xi) are p r i n t e d  i n  t h e  i n i t i a l  o u t p u t ,  and t h e y  a r e  a l s o  p r i n t e d  w i t h  t h e  
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first  t ime- l ine   ou tpu t s  as TMLO and C H I ,  r e s p e c t i v e l y .  The a r r a y s  TE(M), 
RJ(M) , and CMRGVG(M) are p r i n t e d  w i t h  t h e  first t ime- l ine  ou tpu t .  
With a l l  t h e  main programs,  the  fo l lowing  addi t iona l  quant i t ies  (some cal- 
c u l a t e d )  a r e  p r i n t e d  i n  an i n i t i a l  o u t p u t  ( s e e  Sample Case below). 
Q O l I  qwi , equation  (124) 
Q02I qradi , equation  (124) 
QOI qWri , equation  (124) 
TT I ti; equation  (127)  with  main  programs D o r  E and a wind-tunnel  case 
(KF = 1 o r  2 ) .  Otherwise, ti = 0 except  with main  program B (con- 
t i n u a t i o n )  when TT = ti i s  r e a d   i n .  
DEL I A i ;  equation  (123)  except  with main  program D o r  E with KF = 4 
(when A i  i s  r e a d   i n ) .  A i  i s  meaningfu l   wi th   an   in i t ia l  exponen- 
t i a l  p ro f i l e  ( eq .  (122) ) ,  so  i t  may not  be meaningful  with the 
continuation program, main program B .  
DC I D i ;  wi th  main  program D o r  E and KF = 1, 2 ,  o r  4 ,  D i  i s  r ead   i n ;  
with KF = 3,  D i  i s  ca l cu la t ed  from equat ion  (137) .  With  main 
program A ,  B ,  o r  C ,  D i  i s  obtained  from  pt  and V ,  
equat ion (54) . 2 
RHO p, = D/1226 ( f o r  t h i s  p r i n t i n g ,  D = Di) - 
M 1  M 1  = 1 + (K2) ( L N ) ;  s ee   ske t ch   (h ) .  
The s p a c i n g  o f  p r i n t i n g  i n t e r v a l s  i s  a r b i t r a r i l y  s e l e c t e d  ( s e e  s u b s e c t i o n  
Input  Data and ske tch  ( j ) ) .  Fo r   each   t ime   l i ne   p r in t ed   ou t ,   t he   quan t i t i e s  
l i s t e d  below  appear.  (See  subsection,  Sample  Case,  below  for  format.) The 
f i r s t  and l a s t  t i m e  l i n e s  (N = 1 and N = NF) a r e  a lways  p r in t ed  ou t .  
N N ,  t i m e - l i n e  number 
R R 



















































pt, Or pw 
CHI+YDEG/CH X + y ( 0 .  go), a depth from o r i g i n a l  surface 
YDEG/CH Y ( 0 . 9 0 )  
PSIBAR 
CQIIN QW 
R I N  Qrad 





CHI+YDEG/PL X + y(0 .  l o ) ,  a depth from 























-VSERO - -Vsero 
qc s 





The four  quant i t ies  be low are printed out only by subprogram PRINTF (with 
main program C o r  E) as t h e s e  a r e  c o n c e r n e d  w i t h  f i n i t e  d e p t h .  
QB ~ B F  
QBF QBIN 
DTDY BAK (aT/ay)  BF 
TEMF TMF ( a   v i r t u a l   p o i n t )  
Also f o r  each  t ime  l ine ,  t he  fo l lowing  a r r ayed  quan t i t i e s  a re  p r in t ed  ou t  
i n  columns fo r  t he  se l ec t ed  p r in t  spac ing  o f  g r id  po in t s  ( s ee  ske tch  ( j )  and 
Sample Case below f o r  f o r m a t ) .  
M M ( g r i d   p o i n t  number) 
Y Y 
TE T 
R J  J 
RHOS PS 
CMRGVG mg 
xz Z,, should  be -< 1 / 2  ( f o r   s t a b i l i t y )  
For semi- inf ini te  depth calculat ions (subprogram PRINTSI with main program A ,  
B ,  o r  D ) ,  t h e  last  a r r a y e d  q u a n t i t i e s  p r i n t e d  are f o r  g r i d  p o i n t  number MF. 
For f in i te  depth  ca lcu la t ions  ( subprogram PRINTF wi th  main  program C o r  E ) ,  
q u a n t i t i e s  f o r  g r i d  p o i n t  number MF are n o t  p r i n t e d  i n  t h e  columns as MF is  a 
v i r t u a l  p o i n t .  Q u a n t i t i e s  f o r  g r i d  p o i n t  MF+1 are p r i n t e d  as t h i s  p o i n t  




The  sample  case  used  fo r  i l l u s t r a t ion  i s  a wind-tunnel  case run under  the 
c o n d i t i o n s :   t o t a l   e n t h a l p y ,  hst = 2700 c a l / g ;  free-stream v e l o c i t y ,  
Vm = 3.0488  km/sec;  pressure  downstream  of  normal  shock,  pt = 1.04 atm; f o r  a 
2 
dura t ion  of  2 seconds.  The  model has  a hemisphere  nose  with a r a d i u s ,  R ,  of  
1.905 cm, and i s  Apollo type h e a t - s h i e l d  material. This  case could be handled 
by any of the five main programs; for example, with main program D o r  E ,  t h e  
loading would  be  ca lcu la ted  in  the  program.  I t  was e l e c t e d ,  f o r  i l l u s t r a t i o n ,  
t o  u s e  a n  a r b i t r a r y  h e a t i n g  r a t e  main program, so the  load ing  was ca l cu la t ed  
independently  and programmed i n  as an  input .  This  loading  i s  a cold-wall  con- 
v e c t i v e  h e a t i n g  r a t e ,  qocw = 226 .2  cal  cm-2sec-1  and a r a d i a t i v e  h e a t i n g  ra te ,  
qR, of  zero. For f u r t h e r  i l l u s t r a t i o n ,  it was e l e c t e d  t o  u s e  t h e  c o n t i n u a t i o n  
type  main program B which uses a s e m i - i n f i n i t e  type c a l c u l a t i o n ,  and t o  s t a r t  
t h e  c a l c u l a t i o n  a t  a wind-tunnel  t ime, t ,  of  1 second. The condi t ion  o f  t h e  
model a t  1 second was previous ly  obta ined  by use  o f  main program A ,  and t h i s  
condi t ion ( temperature  and extent  of  degradat ion as func t ions  of  d e p t h ,  r a t e  
of  gas  genera t ion ,  ex ten t  of  sur face  recess ion ,  e tc . )  furn ished  inputs  to  the  
cont inua t ion   program.   Calcu la t ions   a re   for   the   s tagnat ion   po in t .  The 
programs used f o r  t h i s  example a r e :  
Main program B 
Starting values subprogram SV1 
Front surface subprogram FSEBl 
Printing subprogram PRINTS1 
Material properties subprogram ALPROPA 
The input  da ta  for  the  sample  case  wi th  proper  card  formats  are shown i n  
f i g u r e  8 .  The p r i n t - o u t  o f  t h e  main p a r t  o f  t h e  i n p u t  d a t a  i s  g iven  in  
f i g u r e  9. These are  t h e  d a t a  from  cards A through  13 (common t o  a l l  t h e  main 
programs). The load ing  da ta  from cards  A 1  through F 1  a r e  shown (common t o  
main  programs A ,  B y  and  C),  and t h e  i n i t i a l  c a l c u l a t e d  v a l u e s  a r e  a l s o  
p r i n t e d .  
The d a t a  r e a d  i n  from cards 1 4  and 15 and t h e  a r r a y s  from cards Tl-T5, 
Rl-R5,  and Gl-G5 are p e c u l i a r  t o  main  program B .  These data  appear  in  the 
p r i n t - o u t  o f  t h e  f i r s t  time l i n e  (N = l ) ,  as shown i n  f i g u r e  1 0 .  A l l  
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Figure 8.- Input  data for sample case. 
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A 1  
8 1  5 
Bb 
A2 
B i  
A3 
8 8  
A4 B l  
89 8 1 0  
8 2  
8 1  1 
8 3   8 4  
E12 
8 5  
tr13 8 1 4  
















PH 1 bAR 
TOFF 
-9. 
0 .  
0.10003E 01 
9.22293E 0 2  
0.13690E-11 
0.2000'3E 0 1 
0. 
5.17339E 01 





E l  
E 10 
E2 




CHI 1 VClNFl  
E13 




H S T  
RHDP 








c s  ACT 
O Y I  RHO21 
E22  E23 
on0 






















-0. -0 .  
9. 
0.10J55E  01  3.10300E '1 
3. 
0.1331'1E 0 2  -0. 
0 .  
0.20J03E-01  0.20000E-01 
0.2696;E 04  O.lO30JE 01 
0.100J3E 01 -0 .  
0.17014E-01 
0 .  0.11930E 3 4  
LEI M2  M3 Mk J 1  
HCHREF 
0 .840on~-o4  -0. 
-0. 
-0 .  
CMEY C M@ CMG 
HGREF CKOB 
-0. 0.70200E 08  0.11063E 7 5  
CMCH 
1.10J00E 3 1  0.1000OE 01 -5. 
G. -0 .  - 0 .  
-0. d.IOC30E 01 
-0 -3. 
0.31100E 0 3  -3. 
-U . O.18802E-01 
-3.83300E  02  5.13333E 31 0.1b00CE 9 1  
0.4547CE-03  0.100JJE 01 
.).15r)OOE 0 2  3.13307E 01  J - 1 5 0 3 0 E   0 2  
J 2  KC5 KCT KMl KH2 KM3 KCHl  KCMZ 
0.1112OE 3 5  3.20500E 01 -0. 





J.75JdJ t  JO 
- 0 .  
-J. 
-J. 
0 .  
-u. 
- 3 .  
0.1JOOOE 01 
2.12670E-00 
- 1 .  




3.2d700E 3 5  
0.22530E 0 1  
3 . 6  ,,OOCE 00 
0.8317JE 08 
KN1 KN2 KCN1 KCN2  KCNF L L 1  NOP  NAR JJAR NAROP JJR2 JJCH 
KF KG N1 N2  NF K2 K 3  K4 ~~ ~~ 
4 2   5 b  1 J  1ti 13 1 5 1  4 1  1 
- d  2 4 1   5 1 1J1 6 1 1 4 2 7   2 9   3 9  1 1 -0 2 1  2 3 4 1 1 1 1 
KCM3  KCMF 
1 1 0  









a3 1 I 
0.16314t  G3 
3 .  





0 .  0. 
0. 0 .  
DELI  DC I RHO 
226.20001) 
226.290I)G 0 .  u. 
0 .  
0 .  
c11 
0.56415E-02  O.466J5E 3 1  0.38914E-02 2 5  
13o.woo3 
a ' 2 1  
1593.C0000 
T T I  
0. 
ac I 
0.16314E  03 0.103JO.E 0 1  
Figure 9.- Print-out of input data and  initial calculated quantities for sample  case. 
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0- 54449E 00  
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(1. 
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0. 
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J. 
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9. 
3. 
J .  
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P C S l N  
O T O V R  
0.16548E-01 
-0.674156 0 5  
O.lB802E-01 
0 .  
0 .  
0.34196E-00 
0.60637E 0 1  
XL 
0 .  
0 .  
0 .  0. 
0 .  
0 .  
0.89637E-01 
0. 
0 .  
0 .  
0 .  
0 .  
0,425576-01 
0. 
0 .  
0 .  
0 .  
0 .  
0.51523E-01 
0.  
0 .  
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a . 5 3 0 0 7 ~ - 0 1  
OMC 
P S I  






0 .  
0.33777E-01 
0 .  
0.76883E 01 
0 .  
0.27974E 02 
POFM 










0.17142E  02 
-0.25630E-05 
0.29745E 02  
Figure 10. Print-out of first time line (typical) for sample case. 
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